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Summary. — An intrinsie analysis of three-pronged stars has been carried 
out. From the distribution of «resultants », « apertures » and « volumes », 
it appears reasonable to assume that a certain number of « recoils » are 
due to a fission-like process. For low-energy stars, there is some expe- 
rimental evidence of the complete disintegration of light nuclei. 


Cosmic ray stars which had been produced in Ilford G.5 plates, have been 
studied in order to investigate the intrinsic angular distribution of prongs 
in each star. The plates had been exposed at the Testa Grigia Laboratory 
(3500 m a.s.l.). 

We report here the preliminary results of this analysis for three-pronged 
stars. Tracks whose. length exceeded 5 u were considered as « prongs », while 
those of minor length were classified as «recoils ». At present our statistics are 
not rich enough to warrant a complete energetic 
analysis. Tracks were simply classified as « black », when their grain density 
was more than about 150 grain/100 u; while all the others, including a few 
relativistic particles, were classified as « gray ». 

The analysis was carried out as follows: 

1) A unit vector was ascribed to the projection of each prong on the 
plane of the emulsion; the. distribution of their resultants, both in modulus 
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Fig. 1. — Angular distribution of resultants with respect to the vertical. a) All the 

three-pronged stars. 6) Stars with recoil. ec) Stars without recoil. d) Stars without 
_ recoil and all prongs «black». e) Stars without recoil and at least one « gray » prong. 
Dotted lines represent and isotropical distribution. 
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Fig. 2. — Distribution in modulus of the resultants. a) All the stars. %) Stars with 
recoil. c) Stars without recoil. d) Stars without recoil and all prongs « black eee 
e) Stars without recoil and at least one «gray» prong. Dotted lines represent the 

«Random Walk» distribution. ak 
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Fig. 4. - Distribution of the volumes of the stars. a) All the stars. 6) Correlation 
between apertures and volumes: (®) Stars without recoil and all the prongs « black ». 
(0) All the other stars. c) Stars with recoil. d) Stars without recoil. e) Stars without © 
recoil. and all prongs «black». f) Stars without recoil and at least one «gray » prong. 
Dotted lines represent.an isotropical distribution. 
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and in direction with respect to the vertical, was investigated and is plotted 
in histograms of fig. 1 and 2. 

2) The stars were also classified according to their « aperture »; by « aper- 
ture » we mean the minimum angle which contains all the projections of the 
3 prongs (fig. 3). MR 

3) A unit vector was ascribed to each prong (in space) and the volume 
of the parallelepiped determined by them was calculated; the distribution 
of such volumes is plotted in histograms (fig. 4). Such distribution, while 
much simpler to evaluate than that of the vector resultant in space (1), sup- 
plies us with an easy criterion for complanarity, and might afford, as we shall 
see, useful hints for the interpretation of the whole picture. 

The above statistics extend to a total of 150 three-pronged stars, 62 of 
which were with «recoil »; 48 with no recoil and with three «black » prongs, 
and 40 with no recoil and at least one «gray » prong. 

The methods of analysis adopted, except in the case of the directional 
distribution of the resultants, are intrinsic in nature, i.e. do not involve any 
reference to the supposed direction of the primary. Full lines in the histo- 
grams correspond to the observed distribution, while dotted lines represent 
the expected distribution on the hypothesis of isotropy; e.g. the distribution 
of the moduli of the resultants (fig. 2) is compared with the expected «random 
walk » distribution for three vectors in a plane. 

Histogram 2 a), which includes all stars, shows a marked excess of large 
resultants, over the «random walk » expectation, which appears to indicate 
an association among the prongs of the same star. Two different hypotheses 
offer themselves spontaneously to explain this experimental result: a) a « drag » 
effect due to the transfer of momentum of the impinging particle on the eva- 
porating nucleus; if this is the case, the evaporated particles must appear 
to be projected preferably downwards; b) the effect is due to a peculiar mode 
of production of the star, as, e.g. in a fission-like process. 

The directional distribution of the resultants with respect to the vertical, 
shows a definite preference for the downward direction (fig.1 @)) which has also _ 
been observed by A. MANFREDINI (?) for the distribution of the single prongs 
of the stars. This would appear, at first, to support interpretation @). 

A more careful examination, however, shows (fig. 25) and c)) that the 
excess of large resultants is mainly due to stars with a visible recoil; now just 
for this class of stars, the angular, distribution of resultants does not appear 
to depart appreciably from isotropy (fig. 1 b)). This latter result leads us to 
believe that an effect of the type b) plays a prominent role. 


(*) D. H. PERKINS: Nature, 161, 486 (1948). 
(2) A. MANFREDINI: Nuovo Oimento, 7, 195 (1951). 
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We could namely suppose that a certain number of recoils are due to a 
fission followed by the evaporation of one of the fragments, the other then 
appearing as a recoil track. | 

An hypothesis of this kind has already been put forward by HARDING, 
LATTIMORE and PERKINS (*) to explain some remarkable features observed 
by them in stars with numerous prongs (> 7). This does not exclude, however, 
that recoils may also consist of residual fragments of the nucleus which, by 
a statistical fluctuation in the distribution of evaporated particles, happen 
to get a sufficient momentum to become visible tracks. 

According to A. MANFREDINI, stars with recoil are most likely due to 
disintegrations of heavy nuclei; this is confirmed by fig. 15) and ce) which 
clearly show the absence of a drag effect for such type of stars. It follows 
that a noticeable percent of the stars with no recoil represents disintegrations 
of light nuclei. 

Let us now consider the stars with no recoil and all three prongs « black », 
such low-energy stars show (fig. 3 d)) an excess of large apertures with respect 
to the expected isotropical distribution, while their volume distribution shows 
an excess of small volumes, that is, a definite trend towards complanarity of 
prongs. It is also noteworthy, that for these low-energy stars there is a strong 
correlation between small volumes and large apertures. Since there is no 
strict «a priori» correlation between apertures and volumes (fig. 4 0)) (and, 


in fact, this is observed only in low-energy stars), the experimental evidence 


reported above suggests that a considerable number of low energy stars re- 
present the complete evaporation of a light nucleus, the whole set of particles 
which contribute to momentum balance thus showing up as ionizing tracks. 
Further measurement are now under way, in view of enriching our statistics 
and to test the suggested interpretation of the experimental results. 


We whish to express our appreciation to Prof. S. FRANCHETTI, Director 
of this Institute, Prof. M. MAnpö, and to Dr. T. Fazzınt for their valuable 
suggestions and helpful discussions in connection with this work. Thanks are 
also due to Miss M. Ramat for her help in analysing the photographic plates. 


(8) J. B. HARDING, 8. LATTIMORE and D. H. Perkins: Proc. Roy. Soc., 106, 
325 (1949). 


RIASSUNTO- 


À stata eseguita una analisi angolare intrinseca (cioé indipendente dalla direzione 
del primario) su 150 stelle a tre rami. Dalla distribuzione delle risultanti delle proie- 
zioni dei singoli rami nel piano dell’emulsione, e dalle distribuzioni delle « aperture » 
e dei «volumi» delle singole stelle si mettono in evidenza delle anomalie rispetto a 
quanto prevedibile per una emissione isotropa delle particelle. L’esperienza sembra. 
suggerire che i «recoils » sono da attribuire, almeno in parte, ad un processo di fissione. 
La marcata tendenza alla complanarità dei rami delle stelle di piccola energia viene 
interpretata con la presenza di un numero sensibile di disintegrazioni complete in 
nuclei leggeri dell’emulsione. 
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Summary. — We search for a universal interaction among all known 
fermions based on invariance under the extended Lorentz group which 
will exclude all processes not occurring in nature. Two mutually exclusive 
interactions appear ultimately to be the only ones consistent with certain 
plausible criteria of simplicity. The two possible interactions are proved to 
yield identical numerical answers in the case of free fermions; one at least 
of them is in excellent agreement with all the experimental evidence 
available thus far. 


1. — Introduction. 


In a previous work (1), referred to hereafter as I, it has been proved that 
it is possible to meet the requirements for a universal Fermi interaction (that 
is, a direct interaction with a unique coupling: constant among any four of 
the five particles of spin 1/2h __ neutrino (»), electron (e), u-meson (y); 
proton (P), neutron (N) —and their anti-particles such that processes not 
observed in nature are ruled out by charge conservation and Lorentz inva- 
 riance), provided some qualitative assumptions are made regarding the types 
of the particles and the strueture of the interaction. That is, out of the 16° 
na priori possible type assignments only those should be selected which require, 
for overall invariance, that the coefficients of the spinor products appearing 
in the Hamiltonian density transform like a tensor density. In order to give 


(1) E. R. CAIANIELLO: Nuovo Oimento, 7, 534 (1951). 
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concreteness to the treatment, use was made of a particular type of inter- ' 
action, obtained by a formal modification of the Wigner-Critchfield interaction; 
it was, however, emphasized that; in the author’s opinion, there was no ground 
for claiming the physical correctness of that choice. 

It was furthermore proved that, if a universal interaction should obtain 
solely from arguments of charge conservation and relativistic invariance, 
besides the experimentally observed processes 


Veet ch © tam 
(1) u —e +2 ; 
Lec oy nen 


the only other processes which need to be regarded as occurring in nature are: 


(SP “6 P95, 
N+ N+ 2p 
wip — 2y 
e +e > 2y 
ise Din, 


(II) 


(and their charge conjugates; the bar denotes antiparticle). Such processes 
as scattering of fermions by fermions, which have been previously included 
in the general scheme of a ß-decay interaction (2), are excluded and would 
appear, therefore, to be of a different nature. 

Since I was completed, experimental results (*) have been published on 
the decay of the y-meson. They support the view that two mass zero particles 
are emitted, and exhibit a spectrum which has zero intensity for maximum 
energy of the emitted electron, within experimental error. The last feature 
is of particular importance, since it sets rather stringent requirements on the 
theory used to describe this decay; in particular, it rules out the Wigner- 
Critchfield interaction, which yields a non-vanishing end point. 

This circumstance has led us to a re-examination of the whole subject, 
the results of which are presented in this paper. We consider here first the 
most general interaction compatible with the qualitative requirements shown 
in I to be necessary for the exclusion of the unwanted processes; then, by 
applying some plausible criteria of simplicity, we restrict the universal inter- 
action to two mutually exclusive possible interactions, one of which at least 
results in excellent agreement with all the evidence available thus far, although 


(?) L. MicHEL: Proc. Phys. Soc., 683A, 514 (1950). 
(?) SAGANE, GARDNER and HUBBARD: Phys. Rev., 82, 557 (1951). 
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the two interactions will be proved to yield identical numerical answers in 
any physical process involving free particles. 

‘Hence, the task of selecting between the two interactions on theoretical 
grounds will require a different approach, such as the determination, if pos- 
sible, of the actual types of the fermions. Perhaps, this can be done by 
considering all reactions among fermions — and of them with bosons — other 
than ß-decay. Such a study will presumably have a bearing on questions 
of parity for mesons; it is considered to lie beyond the scope of this work, 
which only attempts to determine the universal interaction once its possi- 
bility has been recognized. 

In Part 2, we prove the intrinsic nature of the fermion types, by showing 
them to be independent of the representation used for the Dirac matrices, 
and state our notations. 

Part 3 describes the method by which we arrive at the actual deter- 
mination of the universal interaction. In Parts 2 and 3, we give a more : 
thorough treatment of some questions which were only sketched in the pre- 
ceding work. 

Finally, Part 4 examines the physical predictions resulting from the theory. 


2. — Space and time inversions, charge conjugation and fermion types. 


We consider here, in a more exhaustive manner, some of the questions 
already treated in I. We prove that the types of the fermions under space, 
and time inversions are independent of the representation in which the Dirac 
equation is formulated — a necessary requirement, if they are to be regarded 
as intrinsic properties of the elementary particles to which they are attached. 

If 8, V, T are respectively a scalar, vector or tensor quantity, we denote 
with 8’ (instead of PS), V’, 7’, the corresponding pseudoquantities. If a quan- 
tity transforms like a vector under space inversion I, and like a pseudovector 
under time inversion 17, we say that it is a (Vg, V7); likewise in similar cases. 

In an arbitrary representation of the Dirac matrices, [y, Ir and the charge- 
conujgation operator Ig are given respectively (as is well known (*); see 
also I) by: 


Tg —=0s)"; Ip =ertrK; Ie = uck. 


K is the complex-conjugation operator; @ has one of the values +1, —1, 


(4) See for instance: E. Wiener: Nach. Ges. Wiss., Göttingen, 546 (1932) and 
W. Pautı: Ann. Inst. H. Poincaré, 6, 109 (1936). The statement made about o7 is 
justified later in this Part. 
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i, —i which determines the type A, B, C, D of the fermion (we have taken 
Pc = +1). The form of Jp is a consequence of the assumption that the 
time-inversion operator must reverse the trajectory of the particle, but not 
its charge, and of the fact that the electromagnetic four-vector A” is a (Vg, V7), 
(as follows immediately from the Maxwell equations or from the expression 
of the relativistic four-momentum). The matrices wp and u. satisfy the 
relations 


Riya LID Ser i I ; ee 
(1) Uy up =y"; Ugy™Ug = y” ; UV UG =—y', 


(= denotes complex conjugate; * and will denote transpose and charge 
conjugate respectively). If y is of type or, the type under I> of its charge 
conjugate Ÿ = ugp can be determined from: 


(2) y = up = Opigtpy = OrürucP = OrurEY . 


The last equalities follow formally from (1): those equations imply indeed 
that both ugup = 8S, and uptg = 8, satisfy the relations 


hye WHER) Syt =— y'8 ; 


we can take then 
Si — yiyeys ; De = a, , 


« being a constant whose value is given by: 


a = Stun = SPupy y yup = S718, =1, 


again because of (1), and since 


Uo = “up S, — Sur! : 
The equalities 


nA bee Ph ee Pee) 
Ugly = Urüg = y!y’y? 


are also clear from a phsyical point of view, since I7Ig and 1,17 must each 
coincide with some determination of the time inversion operator o7y!y?y® 
defined by PAULI, that reverses also the charge of the particle. In particular, 
this observation enables us to restrict the phase factor in 77 — which other- 
wise would be arbitrary — to one of the values of 07, once gg has been taken 
— +1. It appears from (2) that if the type of y under ris 07, that of y 
is Or, regardless of the representation used. It also clearly follows from (1) 
that the type of y under I, is given by 0. in any representation. 

Being thus assured that our treatment is not impaired by any loss of rigor 


f 
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or generality, we adhere in the following strictly to the Majorana representation 
of the Dirac matrices (5), which presents remarkable advantages of formal 
simplicity. In this representation: 


Von MP y"; 
(4) ye = yh = LE yt — —y ——-yt*, 
(5) ig 213 LE 


N 


Tg=ogy?, Ir = ory yy? K. 


3. — Determination of the universal interaction. 


3-1. — As was done already by YANG and TIOMNO and in I, we consider the 
field of a particle and of its charge conjugate as different entities; we write 
accordingly the most general Hamiltonian density for the interaction among 
any four fermions a, b, c, d as J 


(6) H = Aggy yo yOy® + Herm. Conj. (+), 
(summation convention), it being understood that pe) — yo. The custo- 


mary treatment of the ß-decay theory, where the types of the fermions are 
not taken into account, assumes that the coefficients 4,,,,; of the spinor 
products are (Sy, Sr). It has been shown in some detail in I that, while this 
assumption does not lead to the exclusion of all of the unwanted processes, 
the other assumption ((8%, Sr) does, as it requires that also the yO pp) yy? ys? 
are (Sg, 87) and leads therefore to appropriate choices for the types under I, 
and Ir of v, ¢, a, P, N which fulfill the requirements for a universal interaction. 
The processes (II) already mentioned in the Introduction accompany then 
necessarily the processes (I): While we refer to I for the proof of this fact, 
which we shall find of decisive importance in the actual determination of the 
universal interaction, we think it useful to report in the Appendix all the 
type assignments for v, e, u, P, N (672 out of 16°) that are compatible with 
the hypothesis (Sg, Sr). If the idea of a universal interaction proves to be 
correct, such knowledge will be the indispensable starting point for the precise 
determination of the actual types of the five fermions involved. It should 
be noted that some arbitrariness is still left in the assignments reported in 


4 


(5) E. MAJORANA: Nuovo Cimento, 14.171 (1937). See also Note (2). In I, use 
has been made of the Pauli representation. 

(6) C. Yang and J. Tiomno: Phys. Rev., 79, 495 (1950). See also: A. CAMBA: 
Nuovo Oimento, 7, 919 (1950). : 
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Table I (see Appendix); one could, for instance, obtain, with only slight changes, 
instead of processes (IT) the processes 


[P+P>=2,1» 
N+N>»+4» 
(Ir) (utu>v+r 
le de =p LP 
\» +» >v+rv(or 7+) 
To this, we add the remark that it is possible to obtain processes (I) 
and (If) —and only them — also with the prescription (Sg, Sr). Table II 
reports all the corresponding types. It will be apparent from the following 
that there exists no interaction consistent with the choice (Sg, Sz), which, 
otherwise, would be equally satisfactory. 
Tables I and II correspond to the «normalizations » 


N+tyv>P+e; w+P>NHtv; wtervt+y (or:7+7), 


for processes (I), besides those already exhibited by processes (II)). Changes 
are possible, as already said; their study is beyond our scope, and belongs 
rather to the determination of the actual types of the physical particles, 
mentioned in the Introduction. All we need to know, here, is that only the 
two mutually exclusive hypotheses (85. 87) and (S¢, 87) can yield an inter- 
action of the desired character. 

We shall term the coupling corresponding to these hypotheses « odd », 
reserving the name «even » for those of the customary theory (Sg, Sr). Odd 
couplings have been considered explicitly for the first time in ref. (5). 


3-2. — In the following, we shall use throughout the language and formalism 
of the e-number theory. This will only simplify our formal developments: . 
the transcription into the g-theory is self-evident, and we have nothing to 
add in this respect to the excellent treatment given by MICHEL (?). The chief 
differences would be the necessity of speaking there of symmetrization instead 
of antisymmetrization (since the use of field operators already implies the 
exclusion principle) and the opportunity of using one of the several devices. 
described in ref. (?) which makes all of the fields anticommute, whether cor- 
responding to identical partieles or not. 

We write the 16 matrices y“ of the Dirac algebra as 


a 1 VUE 
yl = dyheys 
y5 = yıyyaya F 
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; Then, as is well known: 


16 
> YoY = 465, Os » 
A 


16 

D VE) ood = Ayaya - 

ia 0,6 =1 
Since the 16x16 Kronecker products y!xy? form a complete basis for the 
complex algebra of the 16 X16 matrices, the interaction (6) reduces to a sum. 


of terms 


N) B= > Sain XP?) ap dP vy? yoy + Herm. Conj. 
à Dis AFRO 


= > D ga 8 py? yyy *y Po) UTC. 
Te TB 


the g48.P playing the role of coupling constants, the index P denoting the 
_ permutations of the four particles cd, ab (7). We shall write a typical term. 
of (10), more simply, as: 


(11) KayteykbyPay . 


This is, of course, the customary treatment, which leads in the case of even À 
couplings to the well known five invariant interactions of the B-decay theory. 
_ It is to be explicitly noted that — as shown in ref. (°) and (?), and even more 
comprehensively in a very recent treatment due to MAc-CALLUM and WIGHT- 
MAN (?) — once a «pure » interaction has been selected out of the five, the 
order in which the permutation of the four particles is fixed is of actual 
physical significance, since a re-ordering of the particles would change that 
interaction into some linear combination of all five. This is of basic impor- 
_ tance for our purposes, and we shall consider in the following the order 
exhibited by (11) as the «normal order », in which ¢, d and a, b play the role,. 
respectively, of initial and final particles, and e—a, db. 
From (8) one forms the matrices 


Sema SANS (TE) 
(12) VE —ipiyt; 1 Vi" = PH. (yd) 
| AIS dy#ys ; pe ER = dy5) À 


(7) Note that we write now, for convenience a, b instead of a, b. 

M. Fierz: Zeits. für Phys., 104, 553 (1937). 

C. J. MacCALLum and A. 8S. WIGHTMAN: Princeton University, Technical Report: 
NOL No. 7 (1951). 
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which inserted between p*y yield the well known transformation laws under : 
Lorentz rotations. The appearance of 7’ is typical of the odd couplings. 
We have now to investigate which «pure» couplings are allowed by each 
of the hypotheses (Sg, S7), (Sg, Sr) (Ss; Sy), which only may yield a uni- 
versal interaction as discussed in the previous section. It is obyious that no 
terms of type (ay4e)(by4d) can appear, as they would correspond to the 
hypothesis (Sg, S7), and that we must combine terms having the same trans- 
formation properties with respect to rotations. We are left therefore with 
the possibilities (when the order of the particles is not explicitly exhibited, 
we shall understand it to be the normal order, which we denote by writing 


J(cd/ab)): _ 
J = <ayte><biyty>d> + Herm. Conj. 
| J' = <aiy*y®e> <by!d) + » 
(13) J" = Caiy*yte) by) + <ayte><biyty'dy +» 
| i= <aiyty*e> <biy*y*y*d> — <ale> <byFd> + » 
Ji = Caiyty*y®o> <biyty*d> — <ayse><bld> + » 


By applying I, and 17 to these J's, we obtain a product of o and @ which 
is + 1, and correspondingly, in accord with the requirements of overall inva- 
rıance, + J from the action of y* and y*y*y* on the matrices inside. (17 re- 
quires, of course, a transposition which has the effect of changing a term 
into its Hermitean conjugate). The result is that J, J’ and J" fit the hypo- 
thesis ($, 87) and are also invariant under charge conjugation; J, and J, fit 
the hypothesis (Sg, 87) and change their sign under charge conjugation. This 
last feature, however, is not by itself sufficient to discard J, and J,, since 
the prescription pç = +1 for all the fermions is arbitrary, and might be 
modified by specific assignments of o. for each particle. In this case J, J’, J" 
would not be invariant under Ig; we can therefore regard this only as a 
further argument to assert that the couplings J, J !, J” and Jı, J, are mutually 
exclusive, and correspond respectively to the hypotheses (Sg, 87) and (Sg, Sp). 
Obviously no coupling satisfies (Sg, S7). 

It is well to remark explicitly that if a J corresponds to the hypothesis 
(Sg, Sp), tJ corresponds to the hypothesis (Sg, 87), and conversely, since Ip 
and 7, contain the complex conjugation operator K. This circumstance will 
have a bearing on the discussion in the next section, and clearly implies that 
all of the five interactions (13) can occur together in a linear combination, in 
either hypothesis, if some of the coupling constants are allowed to be imaginary. 


3-3. — In order to achieve our aim, we have first to investigate the behavior 
of the pure interactions J, J’, J", Ji, J; under permutations of the particles, 
and then look for some plausible criteria of simplicity. In doing so, however, 
we shall discuss all the cases that may occur, since some interaction other 
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than the ones here finally chosen may eventually turn out to have physical 
interest. One of these criteria, which we have already been using implicitly, 
is that of restricting the coupling constants to real values. 

Let (ab) denote the transposition of the particles a and b. Since any per- 
mutation of the symmetric group of four elements abcd can be reduced to a 
product of transpositions, it will be sufficient to investigate the effect on the J’s 
of the six possible transpositions. Actually, any four of these constitute a 
complete set of generators of the group, e.g. (ad) =(ac)(ed)(ac), (be) =(bd) (ed) (bd) ; 
for completeness we give explicitly the matrix form of all six. This follows 
by considering them as acting, on a five-vector FSGS, JT; Ji) and 
by using the relations (4) and (9) (§). One finds, if J(cd/ba) == (ab)J(ed/ab), etc., 
that the six transpositions are represented in the vector space spanned by J 
by the matrices: \ 


4 1 
21 0 1 0 
(ac) = 1 : (bd) = 1 
0 1 0 2% 

RENE | 1 
(iA Vd 14 24/4 = 4/4 1/4 1/4 —1/4 —if4- ld 
LA AN sid aie Ao vale. en 
spaß 212 0 0 À: (ab) =| —3/2 —3/2 —1/2 0 0 
i—i CSD 0 M oh 2G Oe 
i —i 0° 12.02 u ee 


(be) = (ad); (cd) = (ab). 


It is elear that the most general odd interaction is a linear combination of the 
five pure interactions (13), the coupling constants being imaginary where needed 
for each term in it to have the same transformation properties under time 
inversion and charge conjugation. 


Possible Forms of the Universal Interaction. 


3-4. — The criteria adopted will be elucidated with a view to rendering 
them as plausible as possible. It should, however, be understood that ultima- 
tely they are only postulates, whose correctness may only be inferred a poste- 
riori from adherence to physical reality. The fundamental idea is that the 
universal interaction, if it exists at all, should exhibit marked features of 
symmetry and simplicity. The interactions corresponding to even couplings 
are invariant under the substitution (ab)(ed); of the interactions (13), only J" 
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has this property; J, J’ and N: J; are interchanged by (ab)(ed). One would 


' expect therefore J, J’ and J,, J; to appear in a completely symmetric manner. 


Furthermore, some of the processes (I) and (II) imply the appearance of 
identical particles either in final or initial states. It was indeed remarked. 
that a slight change of type assignments would lead from processes (II) to: 
processes (Il’): but in any case the reactions 


ptvovty, 


and 
v+tvov»y+rv, 


will always exhibit the same form. It is certainly consistent with the idea. 
of maximum simplicity to ask that the interaction be of such a nature that 
all particles are treated by it in a like manner, whether identical or not, so: 
that no further procedures of antisymmetrization should be required for parti- 
cular processes. We shall find that the requirement of antisymmetrization 
on both the initial particles c,d and the final a, b is indeed the one that gives 
the most satisfactory result from the point of view of both uniqueness and. 
simplicity. To prove this, we must first consider all the possible antisym- 
metrizations, i.e. on any two, three, two-two and four particles. The cor- 
responding operators that act on the five-vector J are given by 


Alab) = [1 — (ab)] 
Alabe) = [1 + (abe) + (acb)][1 — (ac)] 
A(cd/ab) = [1 —(ab)|[1 —-(ed)] = A 
| Atabed) = [1 — (ae) — (bd) — (ad) — (be) + (ac)(bd)] - F1 — (ab)][1 — (cd)] 


(15) 


and by those resulting from them by change of the letters; the explieit expres- 
sions follow from (14). We have omitted the numerical coefficients necessary 
to make them idempotent (1/2, 1/6, 1/4, 1/24) since ultimately we shall choose 
one of them, and the corresponding coefficient can be thought of as incor- 
porated in the coupling constant. The first three operators listed in (15) are 
seen on simple inspection to be actually antisymmetrization operators; the- 
fourth can be shown by direct computation to be only a more convenient 
expression of the customary one: 


Alabed) = C,— OC, + Os + Ci — C3, 
where j 
letze Stab) PS) Ole (abe) a, 


(+, 3)0, = (ab)(cd) ; (—, 6)C; = (abed) , 


are the conjugate classes of the symmetric group on four elements, with the: 
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parity and number of elements of each shown in the brackets. We have 
already pointed out before that, once à pure interaction is prefixed, the order 
in which the particles appear in it has a concrete physical meaning. To apply 
therefore Z(ac) to a J(cd/ad) would now mean to antisymmetrize in two particles, 
one of which is initial and the other final: this is not à physical requirement 
(the explicit expressions derive immediately from (14) —the results would 
not be unique, and would disagree with experiment). On the contrary, (ab) 
and (cd) correspond to actual cases; it can be seen from (14) that they lead 
-to a linear combination of the J(cd/ab)’s with imaginary constants. Of the 
operators that antisymmetrize three particles; we consider only the expressions 
of A(abe): 


ep al 0 0 — 
—1 1 0 0 
A(abe) = 0 0 0 0 
0 0 0 0 
di —M 0 0 


= © © 8 © 


This combines J(cd/ab), J'(cd/ab) and J;(ed/ab), again with imaginary constants. 

Z(abcd) turns out to vanish identically. This shows that there is no inter- 
action completely antisymmetric in all four particles if we use odd couplings: 
in agreement with the well known fact that the only completely antisym- 
metric combination of four:spinors is given by the Wigner-Critchfield inter- 
action, and contrary to the interaction used in I (which is perfectly sound if 
one takes the view that the constant g appearing in it is by itself an 
(Ss, Sr) — there is no objection in principle against this except one of sim- 
‘plicity). We are left with Z(cd/ab): 


12-12, 1/2 0 0 

12.72.12 2.2099 0 0 

A = A(ed/ab) = 3 3 3 0 0 

0 0 0 2 2 

; 0 0 0 2 2 


It yields: 


(16) ZJ(cdjab) = AJ'(cd/ab) = : AJ'(ed/ab) = 


J(ed/ab) + : J'(cd/ab) + : J"(ed/ab) , 


and 


(17) AJ,(cd/ab) = AJi(ed/ab) = 2J,(cd/ab) + 2J;(ed/ab) . 
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Apart from a different normalization of the coupling constant, if one starts 
from the pure odd tensor coupling (the necessity of which has already been 
pointed out several times in the literature (°), (!), we see that this is the 
only procedure of antisymmetrization which does not introduce imaginary 
coupling constants and which determines uniquely the universal interaction 
for either hypothesis (Sg, 87) or (8%, Sr). (If, on the other hand, one is 
willing to accept imaginary coupling constants, or not willing to follow this 
line of thought, the arbitrariness is of course much larger). 

The choice of two particles as initial and the remaining two as final leads- 
actually to three possible modes of decay: € + d—>a-+ b, c+ a> a+b, 
c+b—at+d. This situation corresponds closely to the one occurring in 
even-coupling theories (1°). There is only one free-particle process, however, 
in which one might expéct detectable difference among these modes (7), 
namely the u-meson decay. In Part 42, b), it will be shown in detail that 
actually all modes give the same result for the u-decay. 


4. — Physieal predictions of the theory. 


41. — The results of the preceding analysis can be summarized by stating. 
that, according to our assumptions, each hypothesis yields essentially only 
one possible interaction that fulfills all the requirements for a universal Fermi- 
type interaction: 


a) Hypothesis (Sg, Sr): 
(18) H =gAJ(cd/ab) + Herm. Con]. 


b) Hypothesis (Sg, Sr): 
(19) H, = 9,AJ (edjab) + Herm. Con). 


Actual computation exhibits the rather striking circumstance that both (18) 
and (19) yield cœactly the same answer for any process involving free particles. 

The starting point for any calculation, at least in the case of free fermions, 
is the knowledge of the sum over all spins of | H|?. This is an elementary 


(2) J. Tromno and J. A. WHEELER: Rev. Mod. Phys., 21, 144 (1949). 

(4) The forbidden transitions in ß-decay may provide additional discrimination 
among the three modes. At this stage, the lack of determination must be accepted 
as an unpleasant feature of the theory, which it is hoped to rectify later on. 
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but rather tedious business, because of the interference terms. We shall only 
make a few general remarks that may simplify future computations, and then 
state the final results. The Casimir projection operators are given by (we use 
natural units % =e —1 except for final numerical results): , 


1 Ma 
D(a) =}(ita-w +65) 


where v, is the velocity of particle a; «* = iyty* and 6 = y* satisfy. the same 
relations (4) as y* and y*, which are characteristic of the Majorana represen- 
tation. The following relations are of great practical help: 


= 1 RE 
Da = Dh =5(1 } avs be) 


and, with 


ar § 
D aS(ita-wte 5): 


yet Dt — =D y* = tye, ; yitDt — FDtyt ; 


GE De ET) y° ; ok EDE = FDTa* + dr. 


The sum over all spins in case a) is given by 


N ’ SER MM MM AT 
(20) — 29 I DER ao ea! wen we 
N) € d 


In (20), the energies B are all positive, and the term in which they appear 
carries the minus sign only if the process e+d>a+b involves even num- 
bers of particles and antiparticles; odd numbers would require a plus sign. 
We shall, however, in the following take that term equal to zero, since one 
at least of the particles is a neutrino; which we assume to have mass zero. 
The same sum is given in case b) by: 


Mao MM a 


EE; EE, E77 (Da “Vy, T Ve” Va) a (Da i Vp) (Ve A Va) 


(21) h=2: CPAS 


Everything that has been said for (20) applies equally to (21). The two ex- 
pressions are absolutely identical, save for the different normalization of the 
coupling constant, which exactly corresponds to what one would expect by 
comparing (16) and (17). The reason for this fact could be shown by a closer 
examination of the structure of (16) and (17). - 


fr > 


eee ea pes ee wi 2,‘ 


i 


CPE 
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The identity of (20) and (21) shows that both interactions yield the same 
numerical answers for free particles. The detailed comparison with all the 
experimental evidence available up to date is spared us by the very exhaustive 
work of MCCALLUM and WIGHTMAN (°). These authors examine which re- 
strictions the known experimental data impose upon an a priori arbitrary linear 


' combination of all five even or odd couplings. Their conclusion is that, both 


in the case of even and of odd couplings, there is only a unique linear com- 
bination not in conflict with experiment if two non-identical neutrinos occur 
in the u-decay, namely 1/2(S + 8’+ 7); if instead two identical neutrinos 
oceur, there is a considerable arbitrariness, and both «T + BIS + 8’) or 
aT + B(V+ 28") are possible, with « and ß arbitrary real numbers. 

It is clear from (16) that (18) satisfies all the desired requirements. The 
situation, however, is too uncertain to consider their results as a definitive 
argument against (19). From (16) and (17) one sees that both interactions 
lead to Gamow-Teller selection rules; the great similarity of their structure 
has already been pointed out. One might think the hypothesis (Sg, Sr) less 
symmetric than (Sy, 87), and expect the final choice to be the interaction (18): 
this, of course, is no proof at all. We are investigating whether a decision on 
this point may still be reached on purely theoretical grounds. 

We end this section by recording, for the sake of completeness, the sum 
over spins which results from the interaction gJ + gJ'+ g’J", without anti- 
symmetrization, and which exhibits a remarkable symmetry: 


MM, MM, E 
= | 6 —6 5 an? os +v) (vy + va) + 20, u, + vy * va) + 
ab c/a 


+ 4[ (va + D) (où, * Va) (Va * da) (os * V_)] — 2[(v, vo va)] + 


-- 4gg" 


Do Ve À Da Va— vd, — Ve Va — (Va Vu) (Vy : v,) ai 


Man y 


+ (Va v,)(v. + Va) - BALE 


+ 29°}3 


— 9,20. 9:0, + (Ua v,.)(3,:D,) 


Again, the same remark applies to the mass term. Of course, taking both 9 
and g’ equal to 1/29, I’ reduces to (20), as it should because of (16). 


“{ 
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Numerical results for processes (I). 
| 
42. - We report here the spectra for free neutron decay and p-meson decay 
which follow from (20). As was already done in I, we omit consideration of 
the u--absorption, since the uncertainties of nuclear dynamics would not 
permit any conclusion of practical interest. 


a) Neutron decay. — The spectrum for the decay of a free neutron at rest 
follows from 


AVANT 


| pe Pr 
(N spin) 


Bhs 


and is given to the first significant power of m,/M, [M = (My + Mp)/2], by 


eae 


(22) ang 


e 
5 
Dreh" 


Ne? enero) Aer. 


with € and &, respectively the energy and maximum energy of the decay 
electron in units m,c? 

In the case of complex nuclei the interactions (18) and (19) predict the 
correct spectra for forbidden transitions in the case of favorable parity change. 
This may not be the case for forbidden transitions with unfavorable parity 
change. There is clearly the need for further investigation of this subject; 
it might prove of decisive importance in selecting the correct interaction if 
further theoretical attempts to predict the unique interaction should fail. 


b) u-meson decay. — We consider the y-meson at rest. It is of interest 
to remark the differences between the treatment of this process by means of 
pure even couplings (1°) and the one that results from the interaction proposed 


here. In ref. ("), Tromxo and WHEELER recognize three different possible 


modes of decay (1?): 


+ 1 
(ACE) « Antisymmetrical Charge Exchange »: le | + (6 


\ 


(SCE) «Simple Charge Exchange »: (2. pet (” 
v 
(CR) «Charge Retention »: = pa ( ) 
s i; 


(#2) Here, and only here, to adhere to their notations, the bar denotes a particle 
in a negative energy state, instead of the antiparticle regardless of the sign of its energy. 


2 
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Each of the five couplings gives answers widely different for each of these i 
modes. Only three combinations give results compatible with the experiment. 
of SAGANE, et al. (5): ACE, tensor; CR, scalar and pseudoscalar. 

In our theory we find, besides the fact that it is not necessary to specify 
the charge of the particles (this is a consequence of the charge-conjugation 
formalism: cfr. ref. (?)), that: a) SCE and OR obviously coincide, b) the ave- 
rage over u-meson spin of I turns out to be the same for all three 
modes: 


Av 7 pe 'cos (gi, na]. 
(u spin) N 


All modes yields, therefore, the same spectrum: 


mim ct 
Ash? 


(23) NR ge (0. — e)k2dk, 


(in (23) k is the electron momentum in m,e units, &, &, the energy and maximum 
electron energy in units m,c? and & = 1/2[m,/m. + m./m,]) and this is in 
good agreement with the experiment. 


Cross seetions for processes (II). 


43. — These follow in a very simple form if we write 
5 DCE 


(a has the dimensions of a length). In the laboratory system, where the 
particle is at rest and the antiparticle has energy E, we find, for m 40: 


a2 1/y+1 
(24) Fan), — 47 (7) A 
with y = E/me?, À, = h/me. For the reaction v+v—»-+» we find in the 
«ec. m. system » (sum of initial momenta = 0): 


a2\2 
(25) O(cm), = 82 (7) ’ 


A, being the wavelength of one of the neutrinos in that system. The relative 
amount of neutrino-annihilations of pairs in matter with respect to photon- 


annihilations is of the order of about 10-7. 
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4-4. — The idea of a universal interaction leads to the consideration of pro- 
cesses (II) as well as processes (I). The detection of the former is far beyond 
our present experimental possibilities; they might conceivably play a role 
together with the corresponding inverse processes, in cosmogonical problems. 

The universal interaction, once its possibility has been recognized, appears. 
in its most general form as a linear combination of all five odd couplings with 
real and imaginary constants. The requirement that it be antisymmetric in 
both the initial and final particles — which derives from the assumption that 
it should yield exactly the same formal treatment for all processes, whether 
involving identical particles or not —is the only one which eliminates in a 
consistent manner the imaginary constants and leads to only two mutually 
exclusive possibilities. It is hoped that a future investigation — based on 
arguments such as formulated in the Introduction, or on a further study of 
invariance properties —may lead to a final choice and thus set the whole 
question on a firmer ground. 

We wish to point out, in conclusion, some of the questions which this. 
investigation seems to us to open, to which we hope to return in the future. 
They only rest on the qualitative assumptions, stated already in I, which 
lead to processes (I) and (IT). 

1) It has been proved in Part 2 that the types under space and time 
inversions are intrinsic properties of the physical particles. From Tables I 
and II (Appendix); it appears that, in any case, electron and y-meson must: 
possess identical types: the processes 


exhibit a striking symmetry. This seems to suggest a common nature of the 
two particles, e.g. that the u-meson is an excited state of the electron. 

2) No consideration has been given to the process of double ß-decay, 
because the evidence for it is far from certain and we have been chiefly con- 
cerned with processes which would permit an immediate check on the theore- 
tieal predictions. Its study, however, appears quite feasible and of interest 
for a better understanding of the physical implications of the formalism. 
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TABLE I. — Type assignments that exclude the unwanted processes in hypothesis (Ss; Sr). 


1 2 3 4 

| AsAr AsOr SAT TMMaCSOT 
I | AsAr BsDr BsBr CsDr CsBr 
2 | ER DgAr Delp Beat (Bede 


/ 
The Table gives the type of P for » type = AsCr and N and u =e as 
shown in the rows and columns. 
The complete Table can be generated from I by adding to it the columns 
and rows that result by: 
1) Applying to columns 1, 2, 3, 4 the substitution 


AsBs0sDs 
BsAsDsCs) © 


2) Then applying to the resulting columns the substitution N 


ArBrÜrDr 
BrArDrCr) 


3) and 4) Same operations with rows 1 and 2. ‘ 

This yields 168 assignments, all corresponding to » = A Ole 
Once this is done, to each fixed assignment for e, u, P there correspond 
still four possibilities for » and N. These can be obtained by writing at the 
left of the column with the N types, the type AsCr of v, and then operating 
on the » and N types as in 1) and 2). The four types thus obtained from L, 
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each », N assignment are completely equivalent to it in combinations with 
the other particles. Altogether, we find 672 possible assignments. 


TABLE II. - Same for hypothesis (Sg; Sr). 


The complete Table follows by applying exactly the same procedure de- 
scribed above, starting from: 


1 2 3 4 
AgAr As0rT CsAr CsOr 

1 AsDr BsDr Baba Oud; OsBr 

2 “OgAr DeAr DDr BAR BsDr 


with the type of » given now by AsAr. 


RIASSUNTO 


Si ricerca un’interazione universale tra tutti i noti fermioni, che escluda tutti i 

processi non occorrenti in natura a mezzo della sua invarianza rispetto a trasforma- 

! zioni del gruppo di Lorentz ampliato. Si perviene, usando plausibili criteri di sempli- 

cità, a soltanto due interazioni, mutuamente esclusive, una almeno delle quali risulta 

in eccellente accordo con tutti i dati sperimentali noti fino ad oggi. Si dimostra inoltre 

che le due possibili interazioni danno identici risultati numerici nel caso di processi 
involventi particelle libere. | 
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Sull’analisi statistica dei risultati 
di misure eseguite con contateri di Geiger. 
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R. QUERZOLI! 


Laboratorio di Fisica dell’Istituto Superiore di Sanita - Roma 


(ricevuto- il 19 Luglio 1951) 


Riassunto. — Si espone un metodo per l’analisi statistica dei risultati di 
misure eseguite con gruppi di contatori di Geiger. Si deriva una formula 
che da la probabilita che uno sciame di N particelle, incidendo su un gruppo 
di n contatori, ne scarichi » (o almeno »). 


Per la interpretazione dei risultati di alcune misure, eseguite con conta- : 


tori di G.M., sugli sciami di particelle generate dai raggi cosmici,-ci si é recen- 
temente presentato 11 problema di valutare la probabilità che uno sciame 
costituito da un numero N di particelle incidenti su un gruppo di  conta- 
tori, predisposti per rivelarle, ne colpisca un certo numero » (<n). Poiché una 
tale formula non & deducibile a prima vista, e pud essere di qualche utilità 
nella interpretazione di esperienze consimili, la presentiamo nel seguito, insieme 
con la dimostrazione ed alcune valutazioni numeriche (1). 

Sia p la probabilità che una particella ha di colpire un determinato con- 
tatore; assumeremo che tale probabilità sia la stessa per tutte le N particelle 
incidenti e per tutti gli n contatori. Cid equivale ovviamente ad assumere che 
le N particelle incidano con distribuzione casuale entro un’area che comprende 
tutti i contatori, e che questi abbiano tutti la stessa area efficace. 

L’espressione 

SAN, u) = (1— up)N 


(!) Una formula più particolare, relativa al caso y = n è stata data da Monreo- 
MERY: Journ. Frankl. Inst., 224, 59 (1936). 
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rappresenta allora la probabilita complessiva di tutti gli eventi in cui un 
determinato gruppo di w contatori non viene colpito da aleuna delle particelle 
incidenti. Indicheremo invece con q,(N, u) la probabilità di un evento in cui 
un determinato gruppo di « contatori non viene colpito da aleuna particella, 
mentre sono colpiti tutti à rimanenti v = n— pm. { 

Supponiamo ora che un determinato gruppo di % contatori non venga 
colpito e prendiamo in esame i rimanenti = n— k. Supponiamo che di 
questi certi determinati « contatori non siano parimenti colpiti, mentre lo 
sono i rimanenti h—« («= 0,1,.... k). Scegliendo in tutti i modi possibili 
il gruppo di « contatori ed attribuendo ad « tutti i valori di cui é suscettibile, 
si ottengono evidentemente tutte le modalita, fra loro incompatibili, con cul 
si puö verificare l’evento di probabilita s,(N, k). Per un dato valore di « la 
probabilitä di una qualsiasi di queste modalita è evidentemente g,(N, k+«), 


\ 


’ ue yh 5 
mentre il loro numero € = |: Si ha pertanto: 
x a 


«D kr, 179 ap ST aN, À) - 
0 % f 


Moltiplichiamo ora ambo i membri della (1) per (eam a e som- 


miamo su tutti i valori di & fra u ed n: 
@ EIN — n— u\& (n—k 
Betas 122 I iene a | „(N : 


Invertendo a secondo membro l’ordine delle sommatorie, ed osservando che ¢: 
n—u\(n—k\ _ P— u Ce 
bp} \B—k) \kmu)\B— u)’ 

si ottiene: 


Te 


u 
La seconda sommatoria a secondo membro non à altro che lo sviluppo di 
(1 —1)#-» ed è quindi sempre uguale a zero tranne che per ß = u, per cui 
vale 1; la (2) si riduce percid alla: 


2 we (M—B\ ar 
(3) dN, u) = dy (— iy Ho SAONE). 
uk 


La formula (3) permette di scrivere immediatamente la probabilita cercata. 
Indieando questa von P,(N,v) à infatti evidentemente : 


PEN) () An\N , u) (HER) 
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che si pud scrivere, in forma adatta per il caleolo numerico: 


v 


(4 PAs =) ar (7) 1 ee + mm. 

Per v=n la (4) si riduce alla formula data da MONTGOMERY e MonT- 
GOMERY (1). Si riconosce immediatamente che la P,(N,») si annulla per 
v»>n; Si pud inoltre dimostrare che essa si annulla anche, per ogni valore 
di ne di p, per N< », 

In certi casi pud essere più comodo calcolare direttamente, anziché la 
P,(N,»), la probabilità P,(N,v) che «almeno » » (cioè 0 » o pit di ») degli 
n contatori siano colpiti. Essa si ottiene evidentemente facendo la somma. 


(5) DAN, ’ = DE: PAUN, k) © 


La doppia sommatoria che compare nella (5) si pud semplificare, sfruttando- 
note relazioni fra i simboli combinatori, e si ottiene, in una forma comoda per 
il calcolo numerico 


(6) a Ale) X \u—wtnenpw. 


dove u=n—». 

Sia ora f(N) la frequenza degli sciami incidenti contenenti N particelle.. 
La frequenza degli eventi in cui » degli n contatori, oppure «almeno »» di 
essi sono colpiti (cioé, in una esperienza eseguita con contatori, le frequenze- 
sperimentali) saranno rispettivamente : 


fe) 


(7a) pv) = In HN)P,N, ») 
7 DI DREH, 
(7b) pr) = In H(N)P,(N, »). 


y 


Se ci si propone di risalire dalle frequenze sperimentali alle frequenze IN), 
le (7) costituiscono un sistema di n equazioni con le infinite incognite HN); 
il problema & quindi insoluhile se non si pongono altre condizioni, quali per 
esempio una limitazione per il numero massimo ammissibile di particelle costi- 
tuenti uno sciame, o qualche ipotesi sulla forma della funzione N), per lo: 
meno per i valori N>n. In questo ultimo caso il problema è evidentemente 
suscettibile di trattazione numerica approssimata, con un metodo di appros- 
simazioni successive. 

Un caso particolare molto facile a trattare si ottiene se si assume che la. 
distribuzione f(N) sia poissoniana, intorno ad un numero medio M. Tenendo: 


re 
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x 


| conto del fatto che la P,(N, v) è identicamente nulla per ogni N<» si pud 
infatti scrivere: 


oO MN 
g(r) = dn exp [— MJ = PAN, ») - 
0 N! 


Invertendo la sommatoria rispetto ad N con quella che compare nella espres- 
sione di P,(N,.v) si ottiene: 


n\ & NET N 
pt) =exp[- M| | 3,1) In — A (n—r+ hp, 
y 0 h 0 Ni 
da cui, con facili semplifieazioni, 
7 5 
(8) gl) = (?) exp [— (n—»)Mp|(1— exp — Up’. 
i 1 


— 
18 20 
N 
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Fig. 2. 


Si osservi che la (8) coincide, come. deve, com la formula che esprime la 
probabilità che » contatori, su n, siano colpiti quando sul gruppo incide uno 
sciame esteso di densité media À = Mp/S. 

A titolo di esempio riportiamo il diagramma della P,(N,¥v) per aleuni va- 
lori di n, y e del parametro p. 
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1.- P,(N,v) =0 per N<v. 


Sviluppando la potenza [1 — (n — y + h)p]Y la (4) diventa, dopo inver- 
sione dell’ordine delle sommatorie 


N v 
PaO 9) = (") Say fr Sap (2) mot ay 


Se N<», anche j<». Ora si pud dimostrare facilmente che &: 
# 


(10) Da ( ay Mh à (HR per j=0,1,2,...,», 


con il che l’asserto & dimostrato. Per dimostrare la (10) basta osservare che 
Si pu serivere: 


(uth) = [DO exp [(u + h}&]2 20, 


dove D indiea derivazione d’ordine j rispetto. ad x. La (10) diventa allora: 


[ow 5 >, A)? (Jes i + h)a] 


Oo 


x Fo exp [wx](1 — exp [2] ].- 


Ora tutte le derivate, fino all’ordine » — 1 a exp {u#](1 — exp [a])” 
contengono un fattore (1— exp [x])*, Con a =D y, v— 1, .. +, che si annulla 
per æ = 0; il che prova l’asserto. 


2. — Dimostrazione della (6). 


Per la (4) e la (5) & 


NV 


k DE 
n(N; ») =, > Gar |) a (Rp, 
Invertendo l’ordine. delle sommatorie si ottiene 
2h v —1 
PAN, >) = Jul st (ne = mr (© \ u) x" 5 a )+ 


on >) anne? )2 > at Bch 


k 


Si verifica immediatamente che il secondo termine vale 1 perché la som- 
matoria rispetto a k si annulla identicamente per ogni j tranne che per j — N, 


\ 


je 


| per cui vale 1. Per valuta 

Est 

RER n—j\ as n—j—1 n—j—1 si 
SI (1) a nr a a 
ar ry | LH | wy) x noe 


e che ogni termine della sommatoria a secondo membro si elide per meta con Pty 
il precedente e per meta col successive, tranne il primo e l’ultimo che danno 


4 + 


re il primo termine basta osservare che AE 


en 


q te n— j | n—)—1 n-—j-1\ vn 
) ee m. ig 1j er Ma ee 
I zen | 5 | 1+| solide. 1) | Bu ) ay | BB. 

Si ottiene percid: | | Hi, 
F cs = yal es Ne je 3 BS 
ne (Ny, a > Ri à je (NPA . Be 
5 j n—v: 
' La (11), come si riconosce immediatamente, coincide con la (6). 

SUMMARY 
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5 A method for the statistical treatment of the results of G.M.-counter measurements 
is given. A formula giving the probability that a shower of N particles discharges » 


1 12: 


out of n counters is derived. 
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High energy nuclear interactions of cosmic ray particles 


close to the top of the atmosphere. (*) 


M. L. VIDALE and M. SCHEIN 


Department of Physies, University of Chicago (U.S.A.) 


(ricevuto il 24 Luglio 1951) 


Summary. —- A study of the altitude and latitude dependence of the various 
cosmic ray components provides information on the nature of high energy 
nuclear interactions of cosmie ray particles close to the top of the atmo- 
sphere. Counter telescopes have been flown with plastic balloons to a. 
maximum altitude of 94000 ft. Intensity vs. pressure curves have been 
obtained at geomagnetic latitudes of A = 55°, 41° and 280 for the total 
cosmic radiation and for the components capable of traversing 4, 7.5 
and 12 em of lead. The energy spectrum of primary cosmic ray particles. 
has been derived from the extrapolation of the intensity of the total 
radiation to the top of the atmosphere. The integral momentum spectrum 
of the total primary radiation is given by N(> pe/Ze) = 0.48(pe/Ze)-19. 
Subtracting the known contribution of primary a-partieles and heavier 
nuclei the spectrum of primary protons becomes P(> pele) = 0.43(pe/e)-1-0. 
Results indicate that the radiation originating from primaries in the 
energy range of 1 to 4 GeV (cutoff energies at A — 55° and 41°) is pre- 
dominantly of a nucleonic nature. The absence of an electronic com- 
ponent can be explained by assuming that, close to the top of the atmo- 
sphere, electrons originate predominantly from the decay of neutral 
mesons and that in this energy range the probability of producing mesons. 
is quite small. In sharp contrast, the soft component originating 
from primaries in the range of 4 to 8 GeV (cutoff at À == 410 and 28°) 
multiplies rapidly in the atmosphere. This large transition effect in air 
with a maximum at about 10 em Hg pressure is characteristic of electron 
showers. It is concluded that the probability: of producing neutral mesons. 
Singly reaches nearly its saturation value at energies of the primary ra- 
diation between 4 and 8 GeV. At energies higher than 8 GeV this effect 
is even more pronounced due to the contribution of the plural production 
of mesons. In order to study the production of mesons in the interaction 
of cosmic ray particles with a liquid Hydrogen target, a counter experiment 


(*) Assisted by the joint program of the Office of Naval Research and the Atomic 
Energy Commission. 


em 


was carried out at an altitude of 90,000 ft. During the first half of the 
experiment, an average of 1.6 9 x fern? of Hydrogen was interposed between 
the counters. ‘he Hydrogen was then ejected-and data obtained during 
the remaining portion of the flight at altitude. From the narrow angular 
distribution of the events originating in liquid Hydrogen, (total angular 
spread ~ 15°), sharply different from those originating in the walls of 
the Dewar container (minimum angular spread ~ 50°), it is concluded 
that they were produced by very high energy primary par ticles. It is 
estimated that the events in Hydrogen resulted mostly (80%) from the 
interaction of primary protons of an average energy of 50-100 GeV in 
which a minimum of four mesons were produced. Penetrating showers 
in lead have been investigated at A — 55° and 28°. Between these two 
latitudes, at an atmospheric pressure of 1.5 cm Hg, the ratio of the 
radiation producing penetrating showers Pr to 1.5, as compared 
to 2.9 for the hard’component and 4.1 for the tota! radiation. 


1. — Introduetion. 


Several experiments have been performed in an attempt to gain a better 
understanding of nuclear events leading to the production of mesons and 
secondary nucleons. Energies sufficient to create several mesons in a single 
nuclear interaction are available at present only in the cosmic radiation @: 
Since different types of particles are in general absorbed in matter with a 
different mean free path, it can be expected that a study of the intensity of 
the cosmic radiation as a function of altitude, latitude and penetrability in 
lead will provide information regarding the nature of the various cosmic ray 
components. In order to obtain more direct information on meson production 
in proton- proton collisions, multiple events originating in a liquid Hydrogen 
target were investigated. 

MILLIKAN and his collaborators (2) have made extensive measurements of 
the total intensity of the cosmic radiation in a series of balloon flights at 
various latitudes. The hard component has been studied by SCHEIN and 
collaborators (?) in a number of investigations using counter telescopes with 
lead absorbers of several thicknesses interposed between the counters. Expe- 
riments of a similar nature have been performed by other workers during the 


. Lorp. J. FAINBERG and M. ScumiN: Phys. Rev., 80, 970 (1950). 
. MıtLıkan, H. V. Newer and W. H. PICKERING: Phys. Rev., 61, 396 (1942). 
| ScHEIN, W. P. Jesse and E. O. Woran: Phys. Rev., 59, 615 (1941). 
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past few years (45578), In view of many recent improvements in balloon 
techniques which permit the study of the cosmic radiation up to a pressure 
of less than 15 g/em2, it was considered advisable to conduct a further series 
of flights using counter telescopes of similar geometry so as to obtain results 
which were strictly comparable. In these flights the total, soft, and hard 
component were measured simultaneously using a technique previously re- 
ported by M. ScHEIn at the Pasadena conference (°). This technique permits 
the comparison of the various components of the cosmic radiation under iden- 
tical atmospheric conditions. Furthermore time variations in the intensity 
of the cosmic radiation due to solar activity and other sources can be re- 
cognized by the fact that the variations are not the same for the various 
components. 

The simultaneous emission of several mesons and nucleons in high energy 
nuclear collisons has been studied both at lower altitudes (#1!) and at balloon 
elevations (1%1%14) using counter arrangements and photographic emulsions. 
By the study of small angle scattering along the tracks in nuclear emulsions 
it was found (4) that most (80 to 90%) of the relativistic particles ejected 
in such nuclear encounters consist of m-mesons with some contribution of 
protons. A number of theories have been proposed to describe phenomena 
of this kind. Some of these theories predict multiple meson production from 
a single nucleon-nucleon collision (15:16:17) (multiple production), others assume 
that only one meson originates in a single nuclear collision and interpret 
meson showers as resulting from nueleonie and mesonie cascades within a 


(*) M. Pomerantz: Phys. Rev., 69, 75 (1949). 

() J. R. WINCKLER, T. Srrx, K. Dwigur and R. Saprn: Phys. Rev., 79, 656 (1950). 

(FR: S. CHANDRASEKHAREN, G. S. GOKHALE and A. 8. Rao: Proc. Indian Acad. 
Sci., 832A. 95 (1950). 

(7) G. S. GOKHALE, A. W. PEREIRA and A. S. Rao: Proc. Indian Acad. Sei., 32A, 
98 (1950). 

(©) M. Vipare and M. Schein: Phys. Rev., 81, 1065 (1951). 

() J. R. OPPENHEIMER: Rev. Mod. Phys.. 21, 181 (1949). Results to be pu- 
blished soon. 

(1%) G. WaTaGHIN, M. DE Souza Santos and P. A. Pompxra: Phys. Rev., 57, 61 
(1940). 

(#4) L. Janossy, and P. InGLeBrY: Nature, 145, 511 (1940). 
(1?) M. Scurry, M. Iona and J. Tagın: Phys. Rev., 64, 253 (1943). 

(5) J. J. Lorp and M. SonëiN: Phys. Rev., 77, 19 (1950). 

(4) U. Camerint, P. H. Fowter, N. 0. Lock and H. Murrurap: Phil. Mag. 
41, 413 (1950). 

(5) H. W, Lewis, J. R. OPPENHEIMER and S. A. WournuysEen: Phys. Rev., 73, 
127 (1948). 

(1) W. HEISENBERG: Nature, 164, 65 (1949). 

(7) E. Fermi: Prog. Theor. Phys., 5, 570 (1950). 
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e 
single nucleus (18) (plural production). In particular, the statistical theory 
of FRRMI (171%) gives a quantitative account of the multiplicity of meson 
production and the angular distribution of the emitted particles which is in 
good agreement with recent experimental evidence in photographic emuls- 
ions (4). These and other recent investigations (2*) strongly favor multiple 
meson production in a single nucleon-nucleon collision. However, since 
emulsions contain elements of different atomic weights, a counter experiment 
was performed to study the production of mesons in the interaction of primary 
cosmic rays with a liquid Hydrogen target. Experiments of this kind are 
somewhat complicated by the fact that the primary radiation consists of approx- 
imately 80-90 % protons (?), 19--9% «-partieles and 1% heavier nuclei (?"??). 
Since electrons have been shown to be present only in negligible amounts 
close to the top of the atmosphere (92324) and the intensity of high energy 
nuclei decreases rapidly with increasing atmospheric pressure, the counter 
experiment designed to detect multiple events originating in liquid Hydrogen 


was carried out at an altitude of 90000 ft. At lower elevations the presence 


of electronic showers causes considerable difficulties in observing the effect 
in Hydrogen. In order to compare showers originating in liquid Hydrogen 
with those in nuclei of higher atomic number in which successive collisions 
can occur inside the same nucleus, the production of penetrating showers in 
lead was investigated at A = 55° and 28°. 


x 


9. — Balloon flight techniques. 


The apparatus, consisting of the counters, coincidence circuits, power packs 
and recording unit was mounted inside a light Dow-metal frame covered with 
pyraline, a transparent plastic very opaque to infrared radiation. Bands of 
Aluminum foil around the gondola reflected the proper amount of solar ra- 
diation to maintain the equipment close to room temperature. During the 
flight a record was kept of the temperature inside the gondola, which showed 
that in most cases the temperature averaged about 20 °C. 

Each apparatus was tested inside a large tank which was evacuated down 
to a pressure of 0.5 cm Hg, a pressure lower than the lowest pressure reached 
in the balloon flights. This was done in order to check the performance of 


(8) W. Harrier and L. Janossy: Helv. Phys. Acta, 23, 417 (1950). 
(9) E. Fermi: Phys. Rev., 81, 683 (1951). 

(20) E. Pıckup and L. Voyvopic: Phys. Rev. 82, 265 (1951). 

(21) P. FREIER, E. J. LorGREN, E. P. Ney, F. OPPENHEIMER, H. L. BRADT and 
B. Perers: Phys. Rev., 74, 213 (1948). 

(22) B. Perers: Private communication to M. SCHEIN. 


(3) R. Huzsizer and B. Rossi: Phys. Rev., 73, 1402 (1948). 


(24) C. L.- CRITCHFIELD, E. P. Mey and S. OLoska: Phys. Rev., 79, 402 (1950). 
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the circuits under conditions similar to those found in the stratosphere; in 


particular, to guarantee that corona discharges could not occur across the 


high voltages required for the operation of the Geiger counters. 

The counter equipment used in these investigations was flown with plastie, 
constant level balloons manufactured by the General Mills Company. The 
balloons were followed in flight by an airplane. The cosmic ray equipment 
was released from the balloon at a predetermined time and dropped to the 
ground by parachute. The apparatus was promptly recovered in every case. 
The essential characteristics of each flight are summarized in Table I. 


In every flight pressure readings were obtained by two or more independent 
methods. In all cases the pressure data obtained with the various instruments 
were within experimental error. The pressure measuring devices consisted of: 

1) Barograph with temperature compensated elements. 

2) Radiosonde or Olland cycle type barometer which transmitted pres- 
sure data to the ground station. ù 

3) On flights IV, V and VI (see Table I) two mercury U-tubes were 
photographed at 10 minute intervals. The U-tubes gave very accurate 
(= .3 mm Hg) altitude data for pressure lower than 12 em 1B (oe (Gay. 


3. — Intensity of the cosmic ray components. 


3:1. — Description of the Apparatus. — The counter telescopes used for the 
measurement of the vertical intensity of the cosmic radiation are shown in 
Fig. 1. Each apparatus contained several vertical telescopes of Geiger-Müller 


(*) On some occasions the altitude of the. balloon could be estimated by means 
of theodolite readings or radar tracking. 


TABLE I. 

| i | [Duration | > Max. Altitu 
Flight | “ype of Experiment Date Geom. of Flight | Rate of Ascent en Hed, a 

Number | Lat. ft/min = 
; | A (Hours) | (ft/ ) pressure) i 

= | 2 nt, : \ 

counter telescope CT, | Nov.15, 1949 280° 8>/, | 670 Re. 

counter telescope CT, | June 6, 1950 | 55° | 101}, 1330 to 60000 ft | 
160 above 60:000 ft, 1.6 86 ( 
‘counter telescope OT, | Aug. 4, 1950 | 55° Sie 710 | 1.2.) 9398 
Multiple Events in | Sept. 6, 1950 | 52° 61} | 1 000 I OI RCE 
Hydrogen | | ; 
counter telescope OT, | Jan. 13, 1951 | 41° 6 120 | 4:05 1 66¢ 
counter telescope CT, | Feb. 4, 1951 | 41° BE 450 1.7 | 840 


HIGE ENERGY NUCLEAR INTERACTIONS OF COSMIC RAY PARTICLES ETC. 779 
counters arranged to detect fourfold coincidences. Equipment CT, and CT, 
(see Fig. 1) recorded coincidences of the type ABCD, BCDE, BCDF and 
BODG, while equipment OT, recorded coincidences ABCD, BUDE, CDEF 
and DEFG. x 

All Geiger-Miiller counters were 2.4 cm in diameter and had an active 
length of 12.5cm. The distance between the centers of the two extreme 
counters in each of the fourfold vertical telescopes was the same and amounted 
to 28cm. Assuming that all particles are 
incident on the equipment isotropically, the 
correction to be applied to the measured 
vertical cosmic ray intensity due to the 
finite dimensions of the counter telescope" ARE 
can be shown to amount to less than 2%. 
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The effect on solid angle calculations of part- A A GZ] 35 cm eo 
icles giving rise to secondaries in the lead Yoon Dis eme © 

. t EN Ÿ . A 4.5 om. Pb 
blocks interposed between the counters will Coe ® 2 
be discussed in a later section. CT, CT, Os 


The wall thickness of the brass coun- 


1 Fig. 1. — Counter telescopes used. 
ters used was 0.08 em. Hence, in order to 


for the measurement of the inten- 
produce a fourfold coincidence, an incident  sity of the cosmic ray compo- 


particle, depending on its direction, had to nents and of the penetrating sho- 
wers originating in lead. 


r 


penetrate a minimum of 5 to 7 g/cm? of 
brass. 

Bach fourfold coincidence caused the flash of. a neon bulb which was 
separately recorded as a narrow line on a photographic film. The film was 
mounted on a rotating drum driven by a clock mechanism. Two coincidences 
could be resolved if they occurred more than 0.25 s apart. Corrections arising 
from the finite resolving time, of the recorder are quite negligible except in 
the measurement of the intensity of the total component at high latitude; 
however, they were taken into account for all cases. Often more than one 
neon bulb flash appeared on the film, indicating the simultaneous occurrence 
of several fourfold coincidences. Such multiple coincidences could be resolved. 
within 0.5 s. 

The length of the coincidence pulses of the circuits used in the equipment 
was 30 us. Due to the fact that only fourfold coincidences were rec orded 
the number of accidentals was reduced to a negligible fraction of the counting 
rate of the telescopes. 

The temporary inactivation of the counters following each discharge was 
determined in the laboratory under conditions similar to those found in the 
stratosphere by placing a radium source a certain distance from the counters. 
This dead time reduces the fourfold counting rate by approximately 5% at 
a single counter counting rate of 60 counts/s. Losses due to dead time for 
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a single counter were estimated from the intensity of the cosmic radiation . 
as a function of altitude. 

The individual counter telescopes were accurately tested in the laboratory 
at Chicago before each balloon flight. Since the telescopes which were designed 
to have the same geometry gave the same counting rate within a statistical 
error of 3%, it was concluded that the individual counters were lined up 
correctly. Tests were also made to guarantee that the lead blocks covered 
the active area of the counters completely. As an example, the counting rate 
of the counter telescope OT, (Fig. 1) is given in Table II for various thick- 
nesses of Jead absorber as obtained in Minneapolis (Geomagnetic latitude A— 550, 
600 ft elevation above sea level) and in White Sands, New Mexico (À = 410, 
4100 ft elevation). - 


TABLE U. — Ground Oounting Rate of Standard Telescopes. 


Thickness of absorber Counts /min 4 
(em of Pb) Minneapolis | White Sands 
0 .700 + .02 | .880 + .03 
4 -605 + .02 -787 + .03 
13D .567 + .02 .663 + .03 
12 .525.-+ .02 .616 + .03 


3:2. — Experimental results. - In a series of balloon flights (see Table I) 
at 55°, 41° and 280N Geomagnetic latitude, the intensity of the various 
cosmic ray components was measured as a function of altitude using counter 
telescopes with varying amounts of lead interposed between the counters. 
In most of the flights the rate of rise of the balloon was sufficiently low to 


TABLE IIT. — 55° Geomagnetic Latitude. 


0 em Pb 7.9. cm Pb lene 
Pressure absorber Pressure Bitocher Pressure absorber 

aie) (counts/min) re) (counts/min) (em Hg) (counts/min) 
123 PAW IS i 12.0 +..2 1.6 10.3: + .3 
2.2 2285 437 Dat 12.8 7 22 10.12.83 
32 23.5 -— .6 7.4 HORE 6 4.8 10.7 + .7 
5.6 26.1 + .7 17.0 4.8 + .6 5.8 9.9 + .8 
10.9 20.1 + .5 28.0 2.44.8 Tae 9.1 +1.0 
24.7 7.8 4.5 — — 9.3 8.4 +, .7 
31.0 44 4.5 — — 11.9 6.9 + .7 
—, — — — 15.0 5.2 + .7 
— _- — — 19.5 2,7 + .5 
— — — — 25.0 2.5 + 4 
— — — — 31.0 1.9 + 4 
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give statistically significant data for the dependence of cosmie ray intensity 


HIGH ENERGY NUCLEAR INTERACTIONS OF COSMIC RAY PARTICLES ETC. 781 


on altitude. As a consequence, this series of flights had considerable advan- 
tages over those of previous investigators in studying cosmic ray components 
of low intensity and in considering differences between counting rates of 


various components at one particular altitude. 


Tables III and IV give the counting rate of the fourfold coincidences in 


TABLE IV. 
41° Geom. Lat. 


% 


28° Geom. Lat. 


Pres- 0 cm Pb | 4 em Pb |7.5cmPb | 12 em Pb 
sure absorber | absorber | absorber | absorber 
(em Hg)| (ents/min) | (ents/min) (ents/min) | (ents/min) 


Pres- | 0 em Pb | 12cm Pb 


(em Hg) | (ents/min) | (ents/min) 


sure absorber | absorber | 


1.9 9:2 83.175422 | 56.4.2 | 4.8.2.2 
5.0.1 13:4 625 | Od 4 | 682.3 | 5.4 +8 
C6 | bose 5. 8353| 6.3.22 3 | 54 a 8 
THO Se CEG ORE ANIME TEA 7 ET ES 
20.6. lit +4 | 534.3 | 3.68.20) 3:3 4.2 
23.0 so Gun WAR SNS DEEr DRE DEE rt 
38.0 3.2 12 | 232 |'LSÆH2),1.8 +.2 


OR INR Yet etd We Me 

22, 571.4 3.6 8 

a RB 43-80 
19.6. | Ok Lo a 6h 
17.8 | 604.5 | 384.5 
96,0) We BiG Cues kad ol 
25:0: 193.450] 1.8 Us 
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telescopes OT,, CT, and CT, (see Fig. 1) at À — 55°, 41° and 28°. Hach 
value has been corrected for accidental coincidences, dead time losses and 
“losses due to the resolving time of the recording 


unit as discussed in section 3°1. The error given 
for each experimental point represents the stan- 
dard error obtained from the square root of the 
number of counts registered in the individual 
telescopes. 

Curves Ts, T,, and T,, in Figs. 2,°3 and 4 
are plots of the total vertical intensity of the 
cosmic radiation at the three latitudes of A = 559, 
41° and 28° respectively. For comparison these 
curves are presented together in Fig. 5. All three 
curves show a pronounced maximum which oc- 
curs at an increasing altitude at higher latitudes. 

Curves H,;, H, and A,, in Figs. 2, 3 and 4 
represent the vertical intensity of the penetrating 
component of the cosmic radiation capable of 
traversing 12 em of lead. These three curves are 
given in Fig. 6 where it appears that the in- 
tensity of the penetrating component increases 
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Counts / Minute 


e 10 20 30 40 


Pressure — cm. Hg 


Fig. 2. — Altitude dependence 
of the intensity of the cosmie 
radiation at À = 55° as meas- 


‚ured through 0 em of lead 


(T5). 7.5 em of lead (J;;) and 
12 em of lead (H,,). 


Counts /Minute 


° 10 20 30 40 
Pressure —cm. Hg 


Fig. 3. — Altitude dependence 
of the intensity of the cosmic 
radiation at A = 41° as measu- 
red through 0 cm of lead (7,,), 
4 em of lead (/,,), 7.5 em of lead 


Ja) and 12 em of lead (H,,). 
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extends to the highest altitudes reached in the 
flights. à 

The vertical intensity through 4 and 7.5 em 
of lead was measured in order to obtain inter- 
mediate points between the total and the 
hard component. The intensity of the cosmic 
radiation through 4 em of lead was obtained 
at A — 410 (carve I, in Fig. 3) and through 
7.5 em of lead at A = 550 and 41° (curves J,; 


and J, in Figs. 2 and 3). Curves I, and Ju | 


exhibit a maximum at about 7 em Hg pres- 
sure and in general show very similar charact- 
eristics. Curve J;; is very similar to the hard 
component curve at A = 55°. It is of interest 


to find maxima in the vertical intensity as meas- 


ured through 


down to a pressure of 5, 9 and 15 cm Hg at A = 55°, 41° and 280 respecti- © 
vely. At lower pressures all three curves show a very flat maximum which 


7.5 and 12 cm 
of lead, a result which other investigators 
have not obtained. This may be due to the 
fact that the flights reported here had a very 
low rate of rise and spent a considerable 
time at pressures of less than 6 em He. 

The magnetic field of the earth deter- 
mines, as a function of latitude, the mini- 
mum energy that charged cosmic ray part- 
icles must have to enter the atmosphere 
from outer space (2526). This cutoff energy for 
particles incident from the vertical direction 
at A =: 55°, 41° and 280 is given in Table V. 


TABLE V. — Geomagnetic cutoff of primary cosmic rays from the vertical direction. 
? J 
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40 


Fig. 4. — Altitude dependence of 
the intensity of the cosmic radia- 


tion at À— 280 as 


measured 


through 0 cm of lead (Ty) and 


12 em of lead H,,). 


: un Proton Energy Heavy nuelei (Z > 2) 
(ones (GeV) Energy per nucleon (GeV) 
55° 1.0 0.35 
41° > 4.0 1.5 
280 8.2 . 25 


(5) M. S. VaLLARTA Phys. Rev., 74, 1837 (1948). 
(%) R. A. ALPHER: Journ. of Geophys. Rev., 55, 437 (1950). 


From the known geometry of the counter telescopes, the vertical flux 
{number of incident particles/em? sterad s) of the cosmie radiation was cal- 
culated using the following formula: 


ab: a? + b? £ 
IB — 1 | 
IE 312 | 4 
where B is the area times solid angle product for the counter telescope used, ; 


a and b are the counter dimensions and I! the overall separation of the counters 


oe ] 


Counts/Minute 


Counts/Minute 


At JL L à 0 10 20 30 
Pressure — cm. Hg Pressure — cm. Hg 
Fig. 5. — Altitude dependence of Fig. 6. — Altitude dependence of the hard 
the total cosmie radiation at component of the cosmic radiation as meas- 
952 eee in = 41° (T,,) and ured through 12 cm of lead at À = 55° 
A = 280 (7,5): (H,). À = 41° (Hg) and A = 28° (Hyg). 


Table VI gives the flux of the primary radiation vertically incident on 
the atmosphere at A = 55°, 41° and 28° as extrapolated from the known shape 
of the intensity curve of the total radiation to the top of the atmosphere. 


Taste VI. - Primary flwe of the cosmic radiation. 


Flux/em? sterad -s A9 62 | 1,419 À = 28° 

\ | | 
Total primary flux 0.296 +.02 | 0.102 + .02 0.059 + .02 
Proton flux 0.27 +.02 | 0.09 + .02 0:05 22/0200) 


The total primary flux is well represented by a power law of the follo- 
wing type: l = 


‚(pe le 10 
w(> De) = 0.48 (Fy ’ 
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where N is the integral spectrum of particles of magnetic rigidity greater 
than pe/Ze. This spectrum is in very good agreement with recent measure- 
ments of the total cosmic radiation made above the atmosphere in experi- 
ments with rockets (?”) using counter telescopes of rather wide geometry. 
This agreement indicates that the extrapolation made in order to obtain the 
flux of the primary cosmic radiation at the top of the atmosphere is justified. 
‘It also indicates that in experiments with rockets, the rocket does not con- 
tribute appreciably to the intensity of the cosmic radiation as measured with 
counter telescopes. This primary spectrum can also be compared to the results. 
obtained by WINCKLER (28) using telescopes with 3 cm of lead interposed 
between the counter trays. However, due to the absorption in lead of a 
fraction of the radiation of lower energy, the flux given by WINCKLER at 55° 
is 25%, Jower than the flux found with counter telescopes without lead ab- 
sorber. és : 

Subtracting from the intensity of the total primary cosmic radiation the 
contribution of primary «-particles and heavy nuclei recently measured with 
nuclear emulsions by B. PETERS (??), one obtains the flux of primary protons. 
given in Table VI. This flux can be represented by a power law of the 
following type: 


BEN —10+1 
P (> a) — 43 = 
e e vy 


where P is the integral spectrum of primary protons of magnetic rigidity 


greater than pc/e. 
| hr Intensity at A = 55° or 41° 4 ; 
The latitude effect | Intensity at A= 280 | of the intensity of the 
total and hard component of the cosmic radiation at À — 55° and 41° is given 
in Table VII for a few selected altitudes in the atmosphere. It appears that 


at all altitudes the total radiation shows a larger latitude effect than the hard 


TABLE VII. — Latitude effect of the total and hard components. 


Beastie 55° Geom. Lat. 41° Geom. Lat. 

(em Hg) Total Hard Total Hard 
0 4.9 3.0 1.7 1.3 
11094 4.2 2.8 177 1.3 
6 2.9 2.5 1.6 1.3 
10 NI 2:2 1.8 1.5 1.2 


| 
(2?) J. A. VAN ALLEN and S. F. SINGER: Phys. Rev., 78, 819 (1950). 


(78) I. R. WINCKLER, T. Stix, K. Dwicur and R. SABIN: Phys. Rev., 79, 656 (1950). 
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component. Also, for both components, the latitude effect reaches a maximum 
at the top of the atmosphere. As the primary radiation has, in all proba- 
bility, a larger latitude effect than any of the other cosmic ray components, 
one can conclude that the total radiation will give the most reliable information 
on the relative intensity of the primary flux at various latitudes. 

The intensity vs. altitude curves obtained at A = 55° (Fig. 2) do not 
extrapolate to a common point at the top of the atmosphere. At At 
and 28° (see Figs. 3 and 4) the effect is somewhat similar, but less pronounced 
because of the considerably higher cutoff energy of the primary radiation. 
At A — 55° the difference in the extrapolated intensity of the total and hard 
components amounts to approximately 50%, as compared to 35% at À — 41° 
and 15% at A= 28°. This effect can be explained by noting that primary 
cosmic ray particles incident on the equipment at these latitudes interact 
with nuclei of the lead absorber. These interactions, which are known to 
oceur with a collision cross-section equal to the geometrical area of the lead 
nuclei, lead to the emission of secondary particles which in turn can be 
absorbed or scattered out of the counter telescope. At low latitudes, where 
the primary particles have a higher average energy, this effect is considerably 
smaller as secondary particles produced in the 12 cm of lead have often 
sufficient energy to traverse the remaining amount of lead and trigger the 
lower counters of the telescope. It appears therefore, that even a small 
amount of absorber in the counter telescope may stop low energy primaries 
and that the extrapolated flux obtained with such telescopes may be consi- 
derably lower than the total primary flux. 

It should be noted that at high altitude the penetrating component of the 
cosmic radiation consists predominantly of two types of particles, protons 
and p-mesons. If the absorber used in the experiment to select penetrating 
particles has a thickness of the order of a collision mean free path, the pro- 
bability is high that protons will interact in the absorber and produce -secon- 
daries which may trigger counters not in line with the incident particles. AS a 
consequence, close to the top of the atmosphere where high energy protons 
make up a large fraction of the penetrating radiation, the intensity of the 
hard component may have been seriously overestimated. 

From Figs. 2, 3 and 4, one can obtain the difference curves representing 
the contribution to the intensity of the cosmic radiation of primaries in the 
energy ranges 1 to 4 GeV (cutoff energies at À = 55° and 410), 4 to 8 GeV 
(cutoff at A = 41° and 28°) and > 8 GeV (cutoff at A — 28°). Curves Hy5-41 
and Ss. in Fig. 7 represent respectively the intensity of the penetrating 
radiation and of the radiation absorbed in 12 cm of lead originating from 
primaries in the energy range 1to4 GeV. Both components have an absorption 
mean free path in air of approximately 90 g/em? at pressures higher than 
7 em Hg and level off at lower pressures. Hlectrons cannot be present in 
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large numbers as they would produce a strong transition effect close to the 
top of the atmosphere and would not contribute to the penetrating component. 
y-mesons would be absorbed in air less rapidly than indicated Dy Hees 
Hence, it is concluded that primary and secondary 
nucleons are mainly responsible for the two com- 
ponents. 

This interpretation is given added support by 
the similarity in the altitude dependence of this 
radiation to the altitude dependence of nuclear 

a disintegrations, known to be produced by the nu- 


— cleonic component, as observed with photographie 
N | emulsions (?*) and ionization chambers (#). 
a 
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A small contribution to the soft and hard com- 
ponent from electrons and u-mesons respectively 
cannot be ruled out by this experiment. 

Curves’ Ru, and Sie in Pis 7 represent the 
penetrating and the soft. components originating 
from primaries in the energy range of 4 to 8 GeV. 


Pressure —cm. Hy 


Fig. 7. — Altitude de- 


pendence of the intensity 
of the penetrating radia- 
tion (H) and of the radia- 
tion absorbed in 12 em of 


lead (S) originating from 


primaries in the energy 
range: 1 to 4 GeV (cutoff 
energy at A= 55° and 


The increase by a factor of 2 in the intensity of the 
soft component from 1.5 to 12 cm Hg pressure in- 
dicates that primaries in the energy range of 4 to 
8 GeV give rise to electronic cascades in the atmo- 
sphere. This effect can be explained by noting that 
the decay of a single neutral meson of an energy 
of a few GeV can originate an electron shower of mo- 


41°), 4to 8GeV (A = 41° derate multiplicity. The low intensity of the pene- 
and 28°) ‚and > 8 GeV trating component is due, at least partially, to the 
Bre at fact that charged mesons produced in the primary 
interaction decay into. u-mesons and do not give 

rise to subsequent nucleonic cascades. 

Curves H,, and S,, in Fig. 7 represent respectively the penetrating and. 
the soft component originating from primaries of energy greater than 8 GeV 
Both components show a strong transition effect with a maximum intensity 
at approximately 10 cm Hg pressure. From 1.5 to 10 cm Hg pressure the 
soft component increased by a factor of 3.2 and the hard component by 1.2. 
This strong multiplication in the first few mean free paths in the atmosphere: 
indicates that primaries having an average energy of approximately 15 GeV 
can produce, in their interaction with air nuclei, nucleonic and mesonic cascades. 
of rather high multiplicity. The fact that the soft and hard components reach. 


(®) J. J. Lorp: Phys. Rev., 81, 901 (1951). 
(@) A. N. Wuire: Phys. Rev., 82, 204 (1951). 
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maximum intensity at the same atmospherie depth is an added indication 
that both must have a common origin, namely those nuclear interactions. 
which give rise to neutral and charged mesons. 


4. — Production of multiple events in Hydrogen. 


41. — Design of the Apparatus. — In order to study multiple events produced 
by cosmic ray particles in a liquid Hydrogen target, a counter experiment 
was carried out at an altitude of 90000 ft. 

The spherical copper Dewar container used to store the liquid Hydrogen 
had a capacity of 15 liters. The inside wall of the Dewar was 0.07 cm in 
thickness and the outside wall 0.08 cm . It was not considered avdisable to 
‘ gorround the Hydrogen with a liquid Nitrogen jacket in order to avoid placing 
an additional thickness of heavier material above the counter trays registering 
the multiple events expected to originate in the Hydrogen. The rate of 
evaporation of liquid Hydrogen was measured in the laboratory at atmospheric 
pressure and found to average approximately 205 em? per hour. No appre- 
ciable change in evaporation rate was noticed when the neck of the Dewar 
was tilted at an angle of 45° with respect to the vertical direction or when 
the Dewar was subjected to shocks and vibrations. 

Solidification of the Hydrogen at the low atmospheric pressures reached 
in the stratosphere would result in a considerable loss of Hydrogen due to 
the heat of fusion released in the process of solidification. In order to prevent 
this event from occurring, the pressure inside the container was mantained 
approximately 5 Ibs above the pressure of the sorrounding air during the 
flight. The Dewar and the accessory equipment are shown schematically in 
Fig. 8. The. valves V, used to pressurize the liquid Hydrogen, were sealed 
with rubber gaskets (O rings seal). Two adjustable screws which tightened 
the helical steel springs of the valves made it possible to vary the pressure 
difference between the inside of the container and the outside atmosphere. 
A pressure gauge M connected permanently to the system served as a visual 
check on their operation on the ground. The valves were also used to prevent 
atmospheric Oxygen from condensing inside the container, thus avoiding the 
danger of forming an explosive mixture. 

The liquid Hydrogen was ejected from the container while the balloon was. 
floating at an altitude of 90000 ft. This was necessary in order to obtain, 
by a difference measurement, the effect of Hydrogen on the type of events 
observed, also as safety precaution in case the equipment was damaged in 
landing. The method used to eject the liquid is shown in Fig. 8. A monel 
metal tubing T reaching to the bottom of the Dewar was sealed by means 
of two glass stems G. These were shattered at the time of ejection by means- 
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of relays operated by alarm clocks. The liquid Hydrogen was then forced out of 4 
the gondola through the tubing 7 by the pressure mantained above the liquid. 
Fig. 9a shows the front view and Fig. 9b the side view of the counter arrang- 
: ement. Coincidences of the type ABCD or 


4 EFGH activated a master pulse. Any of the 
2 .counters in the equipment, including counters 
| A, B, OC, D, E, F, G and H which were activated 
at the time of the occurrence of the master pulse 
flashed individual neon lamps (hodoscope). 
A 35 mm camera y 
3 was used to record nn Oo 
i the data obtained du- 
ring the flight. The 
film was driven at a 


“sere constant speed by an nu 
Fig. g. - Dewar container used electric motor. The was 


| in the Hydrogen experiment. vertical stack of neon 
5 bulbs placed perpen- 
dicular to the motion of the film and collimated by 
a narrow slit recorded coincidences. Incandescent 
lights marked fiducial lines and were used to give 
information as to the position of relays. Every 10 Gracie 
minutes a lamp was flashed and the film recorded 
the time, the temperature of the equipment and . Fig. 9. - Schematic dia- 
8 the atmospheric pressure at the time of exposure.  S'am of apparatus used 
Two mercury U-tubes measured the pressure below RU su dy e pues 
P ; \ events originating in li- 
12 cm Hg. Pressure data were also obtained with quid Hydrogen. a, front 
a barograph and with an Olland cycle type barome- view; b, side view. 
ter which transmitted readings to the ground station. 
Fig. 10 is a schematic drawing of a portion of the photographic record obtained. 
The data that will be presented was obtained in flight IV (see Table I) 


la 
Io 


Fig. 10. - Drawing of a portion of the photographic record obtained in the Hydrogen 
experiment. 
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, launched from Chicago on September 6, 1950 in which the balloon floated 
for several hours at an atmospheric pressure of 1.4 cm Hg, constant to within 
0.1 em Hg. During the first 130 minutes of flight at altitude an average of 
approximately 1.6 g/em? of li- 
quid Hydrogen was interposed 
between the counters. The Hy- 
drogen was then ejected and data 
obtained during 110 minutes with 
an average of 0.2 g/cm? of li- 
quid Hydrogen remaining in the 
Dewar flask. Fig. 11 gives the 
estimated amount of Hydrogen A 

6AM 7 8 9 10 it} 12 IPM 2 3 4 5 
present in the counter arrange- Time 
ment during the flight. On re- Fig. 11. - Amount of liquid Hydrogen (g/cm?) 
covery of the equipment, within present in Dewar during the flight of Sep- 
a few minutes of the landing, the tember 6, 1950. 
Dewar was promptly examined 
and found to contain only a few em? of liquid Hydrogen. Both glass seals were 
shattered and the relays, which left a mark on the photographic record, had 
acted at the correct time. The Dewar was tested and the rate of evaporation 
was found to be unchanged. 

Due to the high intensity of the cosmic radiation close to the top of the 
atmosphere, a certain number of accidental 
coincidences were recorded. To eliminate 
such spurious events only those counts were 
analyzed in which at least one counter was 
discharged in the GH tray (see Fig. 9) in ad- 
dition to two or more counters in tray T. 
This requirement reduces the number of 
accidental coincidences to a negligible fract- 
ion of the total counting rate. 


Dewar filled 


‚000 ft. 


Hydrogen ej 


Gm./cm? of hydrogen 


eased from ballo 


Es \ 


1 Doegagoo T 42. — Experimental results. — All coinci- 


dences registered by the apparatus may be 
nn u divided into two groups according to whe- 
2 ther (1) only one counter or (2) several 
Fig. 12.- Type of events detected counters were activated in any one of the 
in the Hydrogen experiment. four trays À, B, E and F above the Hydro- 
gen (see Fig. 9). Coincidences of type (1) are 
assumed to be due to à Er incident particle interacting in the liquid Hy- 
drogen or in the walls of the Dewar. Those of type (2) are of a more compli- 

‘ cated nature and will be described in a later publication. 
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Events (1) were further subdivided depending on the direction of the in- © 
cident particle as determined by which counters were traversed in trays A 
and B. Fig. 124 and b indicates how this choice was made. Events a are 
those in which a particle was incident on the equipment from the vertical, 
or nearly vertical, direction so as to have a high probability of traversing 
counters C or D. Events b are caused by particles incident on the apparatus. 
at a much less favorable angle. 

Table VIII gives the frequency of the events of type la and 1) obtained 
during 130 minutes of flight at 90000 ft with liquid Hydrogen, and during 
110 minutes after the ejection of the Hydrogen. The frequency of events 
of type la in which 2 or 3 counters were activated in tray T decreases noti- 
ceably after the ejection of the Hydrogen. No change is apparent in events 
of higher multiplicity. Events of type 1b do not show any change in frequency ~ 
after the ejection of the Hydrogen and can be attributed to nuclear disin- 
tegrations of high multiplicity and wide angular spread originating in the 
heavy material of the equipment. From geometrical considerations the counter 
combinations corresponding to events of type la and 1b should have appro- 
ximately the same counting rate. However only 19% of the events detected 
were of type b. This indicated that secondary particles are collimated in the 
direction of the incident particle. 


TaBze VIII. — Frequency of Multiple Events Observed with the Hydrogen Equipment. 


Type | N Frequency of events Frequeney of events 
of event | activated in tray T with Hydrogen without Hydrogen 
(ents/h) | (ents/h) 
la >2 43 +5 SE! 
la 5 24 4-3 12.43 
la St 15 +3 17 +3 
1b =) 182.03 | 17.23 


The location of the counters activated in the tray below the Hydrogen 
can give some information on the angular distribution of secondary particles. 
Figs. 13a and 136 are histograms of the frequency of all events of type la 
originating in the walls of the Dewar and in liquid Hydrogen respectively, 
plotted as a function of their total angular width. This width is assumed to 
correspond to the angular separation, as seen from the geometrical center of 
the Dewar, of the two farthest counters activated in tray T (see Fig. 9). 
Fig. 13a, which refers to the number of events originating in the walls of the 
Dewar, has a sharp maximum at an angular width of approximately 4°, an 
effect that can be attributed to the break up of «-particles. The remaining 
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events.show a rather uniform particle distribution over the area of counter 
tray T and are attributed to stars in the copper walls of the Dewar. Events 
originating in the Hydrogen have a much narrower angular spread (see Fig. 135), 

A selection of, those coincidences in which at least three counters were 
activated in tray 7, eliminates the possibility that seme of the events recorded 
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Fig. 13. — Angular distribution of Fig. 14. — Angular distribution of events of 
events of type la originating in: a, type la in which 3 or more counters were 
the walls of the Dewar flask; b, the activated intray T originating in: a, the walls 
liquid Hydrogen. of the Dewar flask; b, the liquid Hydrogen. 


may have been due to knock on electrons, break up of «-particles, elastic 
collisions and other interactions giving rise to events consisting of two se- 
condary particles only. Figs. 144 and 14b are histograms of the frequency 
of events of type 1a in which three or more counters were activated in counter 
tray T, originating in the walls of the Dewar and in the liquid Hydrogen 
respectively, plotted as a function of their total angular width. Fig. 14a shows 
that events originating in the walls of the Dewar are isotropically distributed 
over the area of counter tray 7. The events of an angular spread of more 
than 35° are detected less efficiently by the counter arrangement used. The 
absence of events of an angular width of less than 4° results from the requir- 
ment that three counters be discharged in counter tray T. Thé finite size of 
the counters places a lower limit on the minimum angular spread observed. 
Fig. 14b shows that events originating in Hydrogen have an angular spread. 
of only 15° indicating that low energy interactions cannot have contributed 
significantly to the counting rate. This is in agreement with the fact that 
real stars cannot be produced in proton-proton collisions, and with the evi- 
dence obtained in cloud chambers where it is found that this degree of col- 
limation is found only in events of very high energy. 
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The fact that the number of events in which two or three counters were 
discharged in tray T is approximately equal (see Table VIIT), indicates that 
the multiplicity of the events observed to originate in liquid Hydrogen is high. 
From this it is estimated that showers in which three or more counters were 
activated must have consisted of 6 or more particles. It follows that in 
proton-proton collisions a minimum of 4 mesons must have been produced, 
or, in the collisions of «-partieles with Hydrogen nuclei a minimum of two me- 
sons, in addition to the nucleons resulting from the break up of the «-particles. 

The multiplieity of meson production is known to be a slowly varying 
function of the energy of the interacting particles. Since «-particles represent 
only a small fraction of the primary cosmic ray flux (— 15%) and since their 
average energy per nucleon is considerably lower than the average energy 
of the proton component, the observed counting rate can be attributed pre- 
dominantly to multiple meson production in proton-proton collisions. It is 
estimated that not more than 20% of the observed counting rate is due to 
the interaction of «-partieles and heavier nuclei with the target protons. 

From a careful analysis of the counter geometry and from the knowledge 
of the amount of liquid Hydrogen present in the counter arrangement, the 
flux of the radiation giving rise to multiple events in Hydrogen can be com- 
puted. Table IX gives the flux of primary protons required to explain the 
observed counting rate assuming the following values for the cross-section of 
multiple meson production in proton-proton collisions: a) cross-sectional area 
of a proton (ar? = 6.15 :10-*% cm?, where r, — range of nuclear forces = 
—1.4-10-% em; b) two times the geometrical area; and c) four times the 
geometrical area. From the energy spectrum obtained in Section 3-2, the 
minimum energy corresponding to each value of the flux is given in Table IX. 


TABLE IX. 
Collision ul Proton flux Minimum proton energy 
(in units o | (per em?/sterad/s) (GeV) 
mr =:6.15 - 10-*) / 
1 0.011 50 
0.0055 130 
4 0.0028 320 


' 


The table clearly shows that the assumption of a cross-section much higher 
than geometrical leads to very high energies of the incident protons. From 
data obtained in photographic emulsions it is known that meson showers at 
these high energies would have a prohibitively small angular spread and could 
not be detected efficiently by the counter arrangement. It is therefore con- 
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cluded that the observed counts in Hydrogen are consistent with a cross- 
secticn between 1 and 2 times the nuclear area of a proton. This in turn 
corresponds to a proton energy of 50-100 GeV. 

It appears, therefore, that the production of 4 or more charged mesons in 
proton-proton collisions oceurs with high probability only at incident proton 
energies of the order of 50 to 100 GeV. This energy is considerably higher 
than the energy predicted by the older theories on multiple meson production. 
It is, however, consistent with the result of the statistical theory of E. FERMI (1) 
and with some observations of very high energy stars which have been found 
in nuclear emulsions (1:11). 


5. — Production of multiple events in lead. 


The counter apparatus CT, (Fig. 1) was designed to register the production 
by ionizing radiation of penetrating events in a lead block 12 em in thickness. 
The counting rate of the coincidence sets BCDE, 
BCDF and BCDG discharged simultaneously is 
given in Fig. 15. Ourve A was obtained in 
flight II at A — 550 (see Table I) and curve Bin 
flight I at A — 28°. Such events require the tripp- 
ing of all three counters below the lead block so 
that a minimum of three penetrating particles 
must be involved in the process. Events of this 
type are due to penetrating showers of moderate 
energy originating in the lead since the contri- 
bution of air showers is found to be small in 


such high order coincidences close to the top of * ; 16 
> Pressure-cm. Hg, 


Counts/Minuté 


the atmosphere. Fie. 1 And 
Curve A-in Fig. 15 exhibits a plateau at press- ER ER on un 
ence of penetrating sho- 


ures lower than 4 cm Hg, whereas curve B begins wers originating in lead at: 
to level off at a pressure of 10 cm Hg. At pressures A, A = 55°; B, À = 280. 
higher than 10 cm Hg, both curves drop rapidly. 

Assuming an exponential absorption for the radiation producing penetrating 
showers, one obtains results at the two latitudes consistent with an absor- 
ption mean free path of about 120 g/em?. The altitude dependence of penetrating 
showers has been measured up to 20 cm Hg pressure by other authors (343?) who 
have obtained very nearly the same absorption mean free path. From Fig. 15 one 


(8) T. G. Wausu and O. Piccroni: Phys. Rev., 80, 619 (1950). 
‘(#) A. J: McManon, B. Rossi and W. FP. Burvimt: Phys. Rev. 80, 157 (1950). 
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Sees that penetrating showers exhibit à rélatively small latitude effect between 
A= 550 and 4— 280, The largest latitude'effeet occurs at the maximum altitude 
reached (1.5 em Hg pressure) and amounts to 1.5 + 0.37 as compared to 
2.9 + 0.2 for the hard component and 4.1 + 0.1 for the total radiation. The 
small latitude effect of penetrating showers as measured here up to the highest 
altitudes shows that at À — 550 they originate from a radiation 67% of which 
is produced by primary protons of energy greater than 8 GeV or primary 
heavy nuclei of energy greater than 3.5 GeV per nueleon (eut-off energies 
at 28° geomagnetic latitude). 

Since at high altitude one can assume that most of the penetrating showers 
are due to nucleons, the plateaus occurring in these curves must be attributed 
to the presence of successive nuclear processes developing in the air. The 
plateau at A — 28° extends to considerably lower altitudes than at 2 = 550: 
This effect strongly indicates that, due to the higher average primary energy 
at the lower latitude, the chains of nucleonic cascades are of considerably 
greater extension in the atmosphere than the corresponding ones at A = 55% 

The fact that even at A — 280 only a small fraction of the penetrating 
radiation gives rise to events capable of triggering the three counters #, F 
and @ below the lead block indicates that particles with an average energy 
of approximately 20 GeV do not produce events of sufficient multiplicity in 
their interaction in lead to be recorded with high efficiency by the coincidence 
arrangement. 


6. — Summary of results. 


A number of counter experiments carried out close to the top of the atmo- 
sphere have given a considerable amount of information on the nature of high 
energy nuclear interactions. A summary of the results obtained in these 
experiments is given below. 

1) The intensity of the total and hard component of the cosmic radiation 
was measured as a function of altitude at 2 — 55°, 41° and 28°. At these 
three latitudes both components show a definite maximum which occurs at 
approximately 6, 8 and 10 em Hg pressure, respectively. 

2) The various components of the cosmic radiation, as measured through 
several thicknesses of lead at À = 55°, 41° and 28°, do not extrapolate to a 
common point at the top of the atmosphere. This effect is most pronounced 
at high latitudes. Fig. 16 gives the absorption of the radiation in lead at 
À — 410 for atmospheric pressures of 0, 2 and 8 em Hg. The primary flux 
is absorbed in lead with a mean free path of 300 g/em?. From this result 
the following conclusions can be drawn: a) the contribution of particles 
incident from the bottom of the apparatus ‘must be small; 5) the number of 
electrons present at the top of the atmosphere cannot be large, since they 
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would be rapidly absorbed in lead; ¢) secondary nucleons with an energy suffi- 
ciently low to have their path curved by the magnetic field of the earth so 
as to approach the equipment from the vertical direction, would be absorbed 
in a few centimeters of lead and therefore cannot 
be present in large numbers at the top of the 
atmosphere; d) the value obtained for the absor- 
ption mean free path of the primary cosmic | 
radiation is approximately equal to twice the 
nuclear mean free path and is in good agree- 
ment with results of other investigators on the 
absorption of high energy nucleons in lead. 

At 8 em Hg pressure (corresponding to the 
maximum intensity of the total radiation at 
4 = 41°) the steep slope in the absorption Fig. 16. — Absorption of the 
curve through the first few centimeters of lead «osmie radiation in lead at 
is interpreted as due to the presence of the 4 — 41° measured at an atmo- 
electronic component. spheric pressure of: A, 8em Hz; 

3) The latitude effect of the components B, 2 em Hg: 0,0 em Hg. 
of the cosmic radiation was obtained for se- 
veral atmospheric depths and is found to have its highest value for the total 
component at the top of the atmosphere. 

4) The momentum spectrum of the primary radiation was obtained by 
extrapolating the vertical intensity of the total component to 0 pressure. This 
spectrum can be well represented by a power law of the following type: 


pe pe\ 
N ——\ — 0.48 | — : 
(> A a 


5) The altitude dependence of the hard and soft components originating 
from primaries of energy in the range 1 to 4 GeV is very similar to the alti- 
tude dependence of the nucleonic component. It is concluded that in this 
energy range the secondary radiation is predominantly nucleonic in character 
and that meson production does not occur with high probability. 

6) Meson production becomes important for energies of the order of 
4 to 8 GeV. This is indicated by the strong multiplication of the soft component 
originating from primaries in this energy range. In addition, the low intensity, 
of the hard component shows that mesons are mainly produced singly. 

7) Both the soft and hard components produced by primaries of energy 
higher than 8,GeV show a definite transition effeet in the atmosphere. A 
pronounced maximum is found at 10 em Hg pressure. At these high energies 
the production of more than one meson in the interaction of a primary particle 
with an air nucleus becomes important. As discussed in Section 4, much 
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higher energies are needed to produce several mesons in a single nucleon- + 
nucleon collision. Therefore it seems that to give rise to the observed effect, 
several successive nucleon-nucleon collisions or meson-nucleon collisions must 


occur within a single nucleus, each collision producing additional mesons. 
The fact that at latitudes of 2 = 280 and 410 all components have their 
maximum intensity at an atmospheric pressure corresponding to about two 
nuclear mean free paths from the top of the atmosphere, is strong evidence 
that they originate mostly in primary nuclear interactions where it is known 
that the production of charged and neutral mesons is predominant. 

8) A counter experiment was carried out at an altitude of 90000 ft to 
study the production of mesons in a liquid Hydrogen target. The Hydrogen 
was removed while the apparatus was floating at this altitude and the back- 
ground counting rate of the equipment was obtained. A significant difference 
in the frequency of certain types of events with and without Hydrogen was. 
found and was interpreted as due to interactions of cosmic ray particles with 
Hydrogen nuclei. Events originating in Hydrogen have a narrow angular 
spread in contrast with the wide angular distribution of events originating 
in the walls of the Dewar container. An analysis of the events shows that 
they must be due predominantly to primary protons giving rise to multiple: 
meson production’ in collisions with Hydrogen nuclei. It is estimated that 
primary protons of an average energy of approximately 50 to 100 GeV interact 
in Hydrogen with a cross-section approximately equal to the cross-sectional 
area of a proton (6.15 - 10-% cm?) producing 4 or more charged mesons. 

9) The frequency of penetrating showers originating in a lead block of 
12 cm thickness was measured at A = 55° and 28°, The radiation producing 
penetrating showers is found to have an absorption coefficient in air of approx- 
imately 120 g/cm?. For pressures lower than 10 em Hg at À — 280 and lower 
than 5 em Hg at A = 550, both curves level off. At A = 55° and 28° one 
obtains, for events of this kind, a latitude effect of 1.5 as compared to a value 
of 2.9 for the latitude effect of the hard component and 4.1 for the total 
component as measured at a pressure of 1.5 em Hg. 


The authors would like to express their thanks to Professor HARL LONG 
of the Institute for the Study of Metals of the University of Chicago for fur- 
nishing the liquid Hydrogen and for his assistance in the design and prepa- 
tation of the Dewar container. The cooperation of the Office of Naval Re- 
search and of the staff of the General Mills Company in arranging the balloon : 
flights and in making every effort to make these experiments successful is 
deeply appreciated. Thanks are also due to Mr. RAYMOND FoSTER and 
Mr. JOHN BJORKLAND for their invaluable help in the construction and oper- 
ation of the equipment. 
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RIASSUNTO (*) 


Una indagine sulla dipendenza dall’altitudine e la latitudine dei vari componenti 
della radiazione cosmica fornisce informazioni sulle interazioni nucleari di particelle 
cosmiche coinvolgenti elevate energie che hanno luogo vicino al limite dell’atmosfera. 
A mezzo di palloni di materia plastica si sono mandati dei telescopi di contatori all’al- 
tezza massima di 29000 m (94000 ft). Sono state rilevate curve dell’intensità in fun- 
zione della pressione alla latitudine geomagnetica À — 55°, 41° e 28° per la radiazione 
cosmica totale e per i suoi componenti capaci di traversare 4, 7,5 e 12 cm di Piombo. 
Lo spettro d’energia delle particelle primarie della radiazione cosmica é stato ottenuto 
per estrapolazione dell’intensitä della radiazione totale al limite dell’atmosfera. Lo 

-spettro integrale della quantita di moto della radiazione primaria totale é data da 
N(> pe/Ze) = 0,48(pe/Ze)-"°. Sottraendo il contributo noto delle particelle « primarie 
e dei nuclei piü pesanti, lo spettro dei protoni primari diventa P(> pe/e) = 0,43(pe/e)-»°. 
I risultati indieano che la radiazione derivante dai primari nella gamma d’energia tra 
1 a 4 GeV (energie di taglio a A = 55° e 41°) & prevalentemente di natura nucleonica. 
L’assenza di una componente elettronica pud essere spiegata assumendo che vicino 
al limite dell’atmosfera gli elettroni hanno origine prevalentemente dal. decadimento 
di mesoni neutri e che a questi livelli energetici la probabilitä di generazione dei mesoni 

è assai piccola. In netto contrasto con questo comportamento, la componente molle 

prodotta dai primari nella gamma da 4 a 8 GeV (taglio a A = 41° e 28°) si moltiplica 
rapidamente nell’atmosfera. Questo forte effetto di transizione nell’aria con un mas- 
simo a circa 10 em Hg di pressione & caratteristico degli sciami di elettroni. Si conclude 

che la probabilità di produzione dei mesoni neutri isolati raggiunge quasi il valore di 

saturazione per energie della radiazione primaria comprese fra 4 e 8 GeV. Ad energie 
maggiori di 8 GeV questo effetto & ancora maggiormente pronunciato a causa della 
produzione plurima di mesoni. Onde studiare la produzione di mesoni nell’interazione 

di particelle della radiazione cosmica con un bersaglio di Idrogeno liquido è stato ese- 
guito un esperimento con contatori all’altezza di 27500 m (90000 ft). Durante la prima 
meta dell’esperimento una media di 1,6 g/em? di Idrogeno fu interposto fra i conta- 

tori. Poi l’Idrogeno fu evacuato e furono raccolti i dati durante la seconda meta del 
volo in quota. Dalla ristretta distribuzione angolare degli eventi aventi origine nel- 

VIdrogeno liquido (dispersione angolare totale ~ 15°), nettamente differente da quella 
degli eventi aventi origine nelle pareti del recipiente Dewar (dispersione angolare mi- 

nima ~ 50°) si conclude che furono prodotti da particelle primarie di elevata energia. 

Si stima che gli eventi rilevati nell’Idrogeno risultarono prevalentemente (80%) dovuti 
all’interazione di protoni primari di energia media di 50100 GeV in cui furono pro- 
dotti un minimo di quattro mesoni. Sono stati studiati sciami penetranti in Piombo 
a À — 55° e 280. Tra queste due latitudini, alla pressione di 1,5 cm Hg, il rapporto 
d’intensitä della radiazione producente sciami penetranti & 1,5 in confronto di 2,9 per 

la componente dura e 4,1 per la radiazione totale. 


(*) Praduzione a cura della Redazione. 
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Detection of Nuclear Interactions by Means of a Cloud Chamber 
containing a Crystal of Sodium Iodide. 


G. SALVINI 


Palmer Physical Laboratory, Princeton University - Princeton, N.J. 


(ricevuto il 30 Luglio 1951) 


Summary. — A cloud chamber with a proportional crystal inside was ope- 
rated, in order to estabilish some properties of the cosmic ray nuclear 
events, whose study is complicated or impossible in cloud chambers 
triggered with Geiger-Müller counters, for the selection introduced in 
detecting the events. The apparatus is described, and the results obtained 
in sixty days at sea level are given, in régard to the mean free path of 
the shower particles in Carbon (108 g/em?), and to the probability of 
production of the eletromagnetic component in high energy nueleon- 
nucleus collisions (6 ~ 1/4 of the geometrical). 


1. — In the systematic study of nuclear interactions by means of cloud 
chambers some difficulties arise in attempting to make an unbiased selection 
of the events to be studied. The usual way of detecting nuclear events with 
Geiger-Müller trays above or below the cloud chamber introduces in particular 
an unknown selection of the nuclear events (2). It is evident for instance 
that this difficulty is particularly pronounced with respect to studies of: 

— The electromagnetic component (neutral mesons) produced in nucleon- 
nucleus collisions at fairly high energy (°), 

— Mean free path for nuclear interactions of the particles emitted in the 
nuclear events (12), 


(1) A. Lovatr. A. Mura, G. SALvINI and G. TAGLIAFERRI: Nuovo Cimento, 7, 36 
(1950) and bibl.; Phys. Rev., 77, 284 (1950). 

(2) G. SALVINI: Nuovo Cimento, 7, 786 (1950).. 

(5) B. FRETTER: Phys. Rev., 76, 511 (1949); A. Lovari, A. Mura, G. SALVINI and 
G. TAGLIAFERRI: Nuovo Cimento, 7, 943 (1950). 
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— Frequency of occurrence of phenomena that may escape detection with 
other techniques, such as the measurement of the frequency of emission of 
the new heavy mesons in cosmic rays nuclear events (4), or the proba- 
bility of proton-neutron exchanges in nuclear interactions or low energy 
exchanges generally (5). 

In view of the interest in these interactions, an apparatus has been built 
to permit relatively unbiased selection of the events to be studied. An almost 
unbiased selection such as that obtained with nuclear plates would allow us 
to correlate in a more definite manner the results in the cloud chamber with 
the ones reached with the nuclear emulsion technique. 

The technique used is to place a proportional scintillation crystal counter 
inside a cloud chamber. The cloud chamber is triggered by means of the signal 
from photomultipliers viewing the crystal, when that signal indicates that at 
least one heavily ionizing particle has resulted from an interaction in the 
crystal. In this way, selection is made on the basis of the energy of the heavily 
ionizing particles resulting from the interaction, regardless of the detailed 
behaviour of the secondary particles of higher energy, 50 that the bias is no 
more severe in regard to protons of fairly high energy (100 MeV up) and to 
mesons, than the bias usually introduced in the nuclear emulsion technique. 


2. — Apparatus. 


The cloud chamber is a rear illuminated type, shown in fig. 1, not very 
different from other types already reported in the literature (6), in particular 
quite close, apart from the modifications in some details, due to the enlar- 
ged dimensions, to the type employed by R. Rau. The illuminated di- 
mensions are 46 x46 x20 em. 

The requirements of the scintillation crystals inside the cloud chamber 
are dictated by the decision to observe all events that give rise to the emission, 
inside the crystal material, of at least one heavily ionizing particle. This 
selection can be rather large, including for example all of the nuclear events 
usually observed in the nuclear emulsions. In order that this criterion result 
in an unbiased selection on the basis of the energy transferred to «evapor- 
ation » (or slow knock on) particles, it is necessary to employ a crystal in which 
there is good proportionality between the quantity of fluorescent light emitted 


(4) A. J. SERIFF, R. B. LEIGHTON, C. Hsıao, E. W. Cowan and C. D. ANDERSON: | 
Phys. Rev., 78, 290 (1950). 

(5) J. Tintor and B. Gregory: Phys. Rev., 81, 667 and 675 (1951). 

(6) R. Rau: Princeton cosmic ray group, technical report n. 4; M. B. GOTTLIEB: 
Phys. Rev.. 82, 349 (1951). 
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and the energy loss of the ionizing particles, relatively independent of the 
latter’s velocity and charge. This requirement evidently rules out the organie 
liquids and erystals known at present, and leads to a choice of Nal erystals, 
which have been studied extensively in this laboratory by HoFSTADTER (?) 
and are known to be proportional in their energy response to a satisfactory 
degree in the energy region of interest. 

In order to avoid taking pictures that are not of interest in the first studies, 
it is necessary to bias against observing the simultaneous passage through 
the crystal of greater than a certain number of relativistic partieles (say 2 or 3). 
This condition is easily achieved by making the Nal crystal thin enough, but 
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Fig. 2. — Crystal and photomultiplier disposition, and block diagram of circuitry. 


this in turn restricts the possible means of transmitting the light from the 
erystals to the photomultipliers. 

Accordingly, a preliminary study was made by means of Geiger counters, 
erystals and photomultipliers to determine the effectiveness of various dispos- 
itions for the detection of different energy losses (from several MeV up) within 
reasonable limits of statistical fluctuations, arising from the fluctuations of 
the electrons in the photomultipliers. These experiments led to the confi- 
guration showr in fig. 2. The three erystals are each 3” x4” x1/4" thick, and 
are viewed by six photomultipliers arranged in two groups of three in parallel. 
The photomultipliers are 1P 21’s of better than average characteristics, but 
not critically so. Each of these two groups of photomultipliers leads to a 
fast amplifier (rise time ~ 0.2 us), and thence to a two-fold coincidence circuit. 
(The coincidence circuits in use have 5 additional coincidence channels and 
one anticoincidence channel available, so that alternate selection schemes, 
mentioned bclow, may be used where desireable). The resolving time of the 
coincidence circuit is ~1 us. The output of the coincidence circuit leads to 
the discriminator, where the energy selection is made. With this disposition 


(7) R. HoFSTADTER: Phys. Rev., 75, 796 (1949). See also G. ReyNozps and F. 
HARRISON: Phys. Rev., 76, 169 (1949); W. FRANZEN, R. SHERR and R. PEELLE: Phys. 
Rev., 79, 742 (1950). 


: 


> CONTROL — 


DETECTION OF NUCLEAR INTERACTIONS ETC. 801 


it has proved possible to detect all events that dissipate more than 2 MeV 
in the crystal. It is thus possible to bias in such a way that at least 1, or 2, ete., 
relativistic particles are required to trigger. For the experiments described 
here, two different biases were set in two different periods: the first so that 
6 MeV energy loss in the crystal was necessary for the triggering process, the 
second so that 12 MeV were necessary: no difference in the statistics of the 
relativistic nuclear events was noticed. These figures, indicated by the Geiger 
counter experiments, have been confirmed by direct observation with the cloud 
chamber. 

The general assembly is shown in fig. 3. The Nal crystals are mounted 
in the top plate of the cloud chamber. The photomultipliers are mounted 
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Fig. 3. — Front and side view of general assembly of cloud chamber, crystals and plates. 


above outside the cloud chamber and view the crystals through a suitable glass 
window 1/4” thick in the top of the chamber. The crystals are backed: with 
aluminium foil sealed to a glass front with low vapor pressure Wax in order 
to protect the NaI from the atmosphere of the chamber. 

The control system is so arranged that the chamber may be triggered 
by 1) crystals alone 2) Geiger counters plus crystals or 3) Geiger counters 
alone. The control with the Geiger counters alone (fig. 3) was mainly used 
for comparison with the results with the crystals. The Geiger counter plus 
erystal control was prepared for studying the events produced by the protons. 

The apparatus was operated for sixty days at sea level. We report here 
the results obtained on two lines of investigation: 


(8) A. Lovarı, A. Mura, C. Succr and G. TAGLIAFERRI: Nuovo Cimento. 341.271 
(1951) and bibl. 
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— The mean free path in Carbon of the relativistic secondaries of nuclear 
interactions (80%, of events selected by crystal alone 20% by a Roun 
Geiger counter telescope above the cloud chamber), 

— The cross section for production of the electromagnetic component in 
nucleon-nucleus collisions of high energy (all events selected by crystal alone). 


3. — Mean free path in Carbon. 


The mean free path of relativistic particles (not electrons) emitted in high 
energy nuclear interactions has been studied by many authors (18%) using 
cloud chamber and nuclear emulsion techniques. In nuclear emulsions the 
mean free path is that for a nucleus of average mass around £0; In cloud 
chambers it is possible to know the atomic weight involved but as several 
authors have pointed out (+?) selection of cloud chamber events by Geiger 
counters may influence the result; for example because of the fact that the 
probability of detecting a nuclear event with successive interactions is greater 
than that for an event in which the shower particles do not interact. Control 
by crystals alone is practically free of this bias. 

In this experiment the cloud chamber contained alternated plates of Carbon 
(4 plates for a total of 22 g/cm?) and Lead (5 plates for a total of 30 g/em?) 
below the Aluminum plate on the top, containing the crystals. The mean 
free path for nuclear interaction was measured for the relativistic particles 
emitted from nuclear explosions that occurred either in the crystal or in the 
material above the cloud chamber (fig. 3). 

We consider as nuclear interactions of the relativistic particles in Carbon 
not only the nuclear trasmutations (stars and penetrating showers) involving 
heavy and (or) penetrating particles, but also scatterings greater than 10 degrees, 
and the disappearence of a relativistic penetrating particle in a Carbon plate 
in a well illuminated region of the cloud chamber (a careful use of the stereo- 
scopy and discussion of the possible residual range in regard to the ionization 
losses made us quite sure that these last disappearences were due to nuclear 
interactions). The procedure was to follow all the relativistic penetrating 
particles emitted in the nuclear explosion from the erystal and traversing 
the Carbon plates, and estimating the mean free path from the ratio of g/cm? 
of Carbon traversed to the number of observed nuclear interactions in the 
Carbon. Of a total of 2270 g/cm? traversed, 21 nuclear interactions were 
observed, a large percentage being weak interactions. The mean free path 
of these particles in Carbon is thus: 


2270/21 = 108 + 25% g/em?. 


(°) U. Camerini, P. H. FowLer, W. O. Lock and H. Murrueap: Phil. Mag., 41, 
413 (1950). 
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This result can be compared with other published results for the mean 
free path of the shower particles in the following table: 


Material Mean free path Athos 
(g/em?) 
Pb 170 TrxLor and GREGORY: Phys. Rev., 81, 667, 675 (1951) 
Pb 200 Lovarr, Mura, Succı and TAGLIAFERRI: Nuovo Ci- 
mento, 8, 271 (1951) , 
Au 230 A. J. Harrzcer: Phys. Rev., 82, 359 (1951). ° 
Al 164 TINLOT and GREGORY: loco citato. 
€ 237 GREEN (upper limit): Phys. Rev., 80, 832 (1950). 
C 108 Present experiment. 


The results above apply to an unknown mixture of z-mesons and protons. 
However, in our case it is likely that the z-mesons are about 70% of the charged 
relativistic particles emitted in the nuclear interaction in the crystal, due to 
the fact that our detection is mainly based on the evaporation part like in 
the nuclear emulsion technique. 

So, even though the mean free path for interaction of z-mesons alone can 
not be extracted from our data, it can be noted that the mean free path of 
the mixture is near that for the protons alone, suggesting that the mean free 
path for relativistic 7-mesons may not be far different from the geometrical 
also in the light nuclei. 


4. — Production cross section of the electromagnetic component in nucleon- 
nucleus collisions. 


Using selection by crystals only, some preliminary measurements have 
been made on the production of the electromagnetic component. With our 
disposition the probability of detecting the nuclear events does not depend 
on the amount of penetrating particles or electromagnetic component, as usually 
in cloud chambers controlled with Geiger Müller counters. 

If we accept, on basis of the work of the Bristol group (!°), the hypothesis 
that this component arises from the decay of neutral mesons, then this cross 
section can be taken as the production cross section for neutral mesons, and 
is more certain than the corresponding cross section for the production of 

‘charged mesons, since in the later case there is uncertainty introduced because 
of proton emission in the region beyond one GeV. 


(1%) A. C. CARLSON, J. E. Hooper and D. T. Kine: Phyl. Mag., 41, 701 (1950). 
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The electromagnetic component was observed by us by means of the pair 
production and cascade multiplication in the lead plates (and to a lesser extent 
in the Carbon plates) below the crystals in the cloud chamber. The proba- 
bility that both of the two photons escape materialization and observation 
in the chamber depends on their energy and may be estimated. This proba- 
bility of escaping detection is about 25% for neutral mesons of 200 MeV 
kinetic energy and approches zero rapidly as the energy increases. 

In the longer range experiment now beginning at mountain altitude, 
classification of the nuclear events is on the basis of the numbers of grey and 
relativistic particles, the nature of the initiating particle, and the presence 
or absence of electromagnetic cores. If we apply this classification to the data 
observed so far at sea level we can say the following. 

We considered together two kinds of nuclear events: (a) all the nuclear 
events containing at least two relativistic particles emitted, and representing 
an energy definitely larger than 1 GeV for the producing particle (as judged 
also by Coulomb scattering of the particles involved), and (b) the nuclear 
events with electromagnetic component and none or one penetrating particle 
coming out (only two events of this kind were observed).  : 

Of 46 of these events we observed electromagnetic cores 12 times, and in 
each case no evidence for more than one neutral meson emitted. Therefore, 
the cross section for the production of neutral mesons in collisions of nucleons 
of > 1 GeV kinetic energy with a NaI « nucleus » is of the order of magnitude 
of 1/4 the geometrical cross section of the nucleus: 


o(n, p — Nal) ~ (1/4) Og69 ~ (1/4)ar$A2/?~ 2.5 - 10-25 em? . 


In the estimation above we assumed that the total nucleon-nucleus cross 
section at high energies is about geometrical; 77 = 1.4 10-13 em; the nucleus 
equivalent to a «nucleus» of Nal (intermediate between Na and I) is a 
nucleus with atomic weight A — 67. 

This value (o~ 1/4 geo) constitutes a superior limit for the cross section 
for emission of neutral mesons in the nucleon-nucleon collisions of energy 
> 1 GeV in the laboratory system. 

It is expected that the data resulting from high altitude operation of the 
equipment described will replace the rather indirect information that is avail- 
able at present with the nuclear emulsion technique (1°) and the cloud chambers 
controlled with Geiger counters (511). 

The author wishes to express his gratitude to Dr. G. T. REYNOLDS for 
experimental help and stimulating discussion, and to Mr. Young Kr for 
his collaboration. 


(1) A report of part of the results of this paper was given at the Washington meeting, 
3951: G. Sarvını and G. T. Reynozps: Phys. Rev., 83, 198 (1951). 
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RIASSUNTO 


Nello studio delle interazioni nucleari della radiazione cosmica eseguito con camere 
di Wilson comandate da contatori di Geiger Miiller il comando dei contatori introduce 
una selezione a priori degli eventi in istudio che rende particolarmente difficile lo studio 
delle proprieta delle particelle secondarie e della componente elettromagnetica (mesoni 
neutri) emesse. Per ovviare à queste difficoltà si & preparata una camera di Wilson 
comandata da eontatori à eristallo fluorescente posti entro di essa, i quali rivelano le 
esplosioni nucleari in base alla «luce» emessa dalle particelle di evaporazione del- 
Vinterazione nucleare. Nella presente nota si riferiscono i particolari costruttivi dei 
rivelatori a scintillazione e della camera di Wilson. Si danno i risultati ottenuti in una 
serie dimisure eseguite al livello del mare. Il eammino libero medio di interazione nucleare 
in C delle particelle secondarie delle esplosioni nucleari è risultato 108 g/em? + 25%. 
Si eonfronta questo risultato con quelli di altri autori in materiali diversi. La sezione 
@urto per emissione di componente elettromagnetica (mesoni neutri) nell’urto di un 
nucleone veloce (energia maggiore di 1 GeV) contro un «nucleo » di- Nal risulta 
dell’ordine di un quarto della sezione d’urto geometrica. Le misure continuano & 
3200 metri sul livello del mare. 
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LETTERE ALLA REDAZIONE 


(La responsabilitä scientifica degli seritti inserili in questa rubrica & completamente lasciata 
: dalla Direzione del periodico at singoli autori) 


Sui contatori a radiazione di Cerenkov. 


P. Bassı 


Istituto di Fisica dell’ Universita, 


Centro studio Toni Veloci del O.N.R. - Padova 


(ricevuto P11 Settembre 1951) 


Una particella carica che attraversa 
un mezzo di indice di rifrazione n con 
velocitä v > e/n, vale a dire con velocita 
maggiore di quella della luce nel mezzo, 
emette un’onda luminosa. Questo feno- 
meno fu osservato per la prima volta da 
CERENKOV (1) e fu spiegato teoricamente 
da FRANK e Tamm (?). Piü tardi GETT- 
inc (2) e Dicke (*) hanno proposto di 
utilizzare la radiazione di Cerenkov per 
rivelare particelle cariche veloci; recen- 
temente JELLEY (5) à riuscito a contare 
singoli raggi cosmici con questo metodo. 

Il metodo consente in linea di prin- 
eipio di misurare anche la veloeitä delle 
particelle, sia determinando l’angolo @ 
sotto cui viene emessa la Juce, sia misu- 
rando le quantita W di energia luminosa 
prodotta (9 e W sono legate infatti con 
B = v/e attraverso le relazioni: 


(1) cos 8 = 1/Bn ; 


(1) P. A. CERENKOV: C. R. Acad. Sci. USSR, 
8, 451 (1934). 
@ I. Frank e I, TAMM: 
USSR, 14, 105 (1937). 
(5) I. A. GETTING: Phys. Rev., 71, 123 (1947). 
4) R. H. DICKE: Phys. Rev., T1, 737 (1947). 
(5) J. V. JELLEY: Proc: Phys. Soc., A 64, 82 


(1951). 
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ove » & la frequenza della luce). 

Finora sono state eseguite soltanto 
determinazioni del primo tipo su fasci 
di molte particelle ben collimate, una 
determinazione di questo genere su una 
particella singola (come si richiederebbe 
nel caso dei raggi cosmici) appare molto 
difficile per ragioni di intensita, data la 
necessita di limitare l’angolo solido d’in- 
gresso. 

- Con questa nota mi propongo di di- 
mostrare la possihilità di impiego del 
secondo procedimento e di precisarne le 
condizioni. Il lavoro consta effettiva- 
mente di due parti: anzitutto occorreva 
accertare la possibilità di osservare la 
radiazione di Cerenkov con i mezzi a 
disposizione, poi determinarne l’energia. 

Per il primo problema si è usato il 
dispositivo di fig. 1-A: un tubo metal- 
lico argentato all’interno, pieno d’acqua, 
ha la sezione meridiana calcolata in modo 
da concentrare la luce, emessa da parti- 
celle di B = 1 dirette secondo l’asse, in 
una regione anulare, una porzione della 
quale & oceupata dal catodo di un foto- 
moltiplieatore 931A. Tl raccordo in plexi- 
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glas fra tubo e fotomoltiplicatore con- 
tribuisce a ridurre le perdite di luce per 
riflessione. 

Il dispositivo poträ esser completato 
in seguito con l’aggiunta di un secondo 


35cm. 


Fig. 1. 


fotomoltiplicatore simmetrico al primo e 
in coincidenza con esso, e servire come 
contatore rapido di particelle cariche a 
velocita elevata. Il fotomoltiplicatore, a 
temperatura ambiente, comanda un pre- 
amplificatore ed un amplificatore di gua- 
dagno complessivo 10000 e tempo di sa- 


_lita 2-10-7 s; gli impulsi amplificati sono 


fatti coincidere con quelli dei conta- 
tori AB. Abbiamo misurato le coinci- 
denze triple col dispositivo dritto e capo- 
capovolto ottenendo rispettivamente 
1,53 + 0,17 e 0,04 + 0,03 coin/h (inten- 
sita calcolata 1,7 all’ora) in una delle 
molte serie di misure eseguite, tutte con- 
cordi. Se il fenomeno luminoso che osser- 
viamo fosse dovuto a ordinarie seintilla- 


zioni di fluorescenza, non dovrebbe es- 
serci questa asimmetria di rendimento: 
possiamo dunque asserire che si tratta 
di luce emessa per effetto Cerenkov. 

Per il secondo problema, il disposi- 
tivo usato è quello di fig. 1-B: nell’angolo 
solido individuato dai contatori A’B’ à 
un reeipiente cilindrico di vetro pieno 
d’acqua, con le pareti argentate ed il 
fondo. ricoperto da uno strato di ossido 
di magnesio. Il fotomoltiplicatore 931A 
riceve ragei diffusi dal fondo, i cui con- 
tributi sono percid indipendenti, almeno 
in prima approssimazione, sia dalla dire- 
zione di arrivo della particella che dal- 
l’angolo di emissione; il percorso della 
particella nell’acqua, poi, non varia in 
modo sensibile, nei limiti di preeisione 
che ci siamo imposti, entro l’angolo solido 
definito dal telescopio dei contatori. 

Gh impulsi del fotomoltiplicatore, 
dopo la solita amplificazione, entrano in 
un selettore di ampiezza a otto canali 
di tipo integrale e poi vanno a coincidere 
con gli impulsi dei contatori. Abbiamo 
ottenuto le curve di fig. 2 come differenza 
dei risultati di due misure, una con 
l’acqua, l’altra senza: la curva I si rife- 
risce a una tensione applicata al foto- 
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moltiplicatore di 85 volt per stadio, la 
curva IT a 75 volt per stadio. Poichè il 
numero (calcolato) di raggi cosmici che 
attraversa il dispositivo & 10 all’ora, ri- 
sulta, nel caso ad esempio di fig. 2(I) 


SUI CONTATORI A RADIAZIONE DI CERENKOV 


un rendimento che si aggira sul 25 %. 
In queste condizioni è assai probabile 
che ogni raggio registrato produca un 
solo fotoelettrone. Alla stessa conclusione 
si giunge direttamente confrontando Pal- 
tezza più probabile dell’impulso prove- 
niente dal fotomoltiplicatore con Vampli- 
ficazione complessiva del sistema foto- 
moltiplicatore-amplificatore. 

I fotoni emessi, caleolati secondo la 
teoria di Frank e Tamm, nelle bande di 
frequenza utili, sono in media 3 000 nel 
nostro dispositivo, ammettehdo che i 
raggi cosmici abbiano tutti B =1; da 
considerazioni geometriche si ricava che 
di questi soltanto qualche decina cadono 
sul fotocatodo: ne consegue che occor- 
rono almeno 100 fotoni per produrre un 
fotoelettrone. Dalle curve differenziali che 
si deducono dalle integrali di fig. 2 (le 
quali si riferiscono, come abbiamo detto, 
ad un solo fotoelettrone) risulta che le 
deviazioni quadratiche medie relative 
introdotte dal sistema fotomoltiplicatore- 


809 


amplificatore sono dell’ordine di 0,1. 
Questo risultato, in buon accordo con 
quello ottenuto da Re © Hoya (oper 
mette di affermare, seguendo un ragio- 
namento analogo, che, quando i foto- 
elettroni siano qualche decina, il contri- 
puto dato alle fluttuazioni dal sistema 
fotomoltiplicatore-amplificatore, sara tra- 
scurabile. 

Tenendo conto del rendimento per i 
fotoni determinato prima e di queste 
considerazioni sugli scarti, risulta che, 
per valutare ß per particelle singole oc- 
corre che sul fotocatodo giungano, ogni 
volta, almeno aleune migliaia di fotoni 
della radiazione di Cerenkov. 

E in preparazione un dispositivo che 
dovrebbe funzionare in queste condi- 
zioni. 

Ringrazio vivamente la dott. A. M. 
Brancut che ha collaborato alle misure. 


(5) R. C. Hoyt: Rev. Scient. Inst., 20, 178 
(1949). 


LIBRI RICEVUTI E RECENSIONI 


F. ScuwaNnk: Randwertprobleme. 
vi +406 pagg. B. G. Teubner 
Verlagsgesellschaft, Leipzig, 1951. 


Gli argomenti contenuti in questo 
libro di SCHwANK (funzioni di variabile 
complessa, equazioni alle derivate par- 
ziali, equazioni integrali, calcolo delle 
variazioni, equazioni alle differenze finite) 
sono talmente classici e sono stati tante 
volte trattati nella letteratura seientifica, 
in quella tedesca in particolare, che si 
potrebbe a prima vista giudicarne del 
tutto pleonastica una nuova esposizione. 
Cid nonostante la trattazione dei vari pro- 
blemi e l’intento che l’autore si prefigge 
sono in complesso abbastanza originali 
da giustificare una nuova esposizione. 

La differenza fra questo libro ed altri 
ben noti trattati dedicati allo studio 
delle stesse questioni (si pensi per esem- 
pio a quello celeberrimo di COURANT- 
Hizgert) sta nel fatto che il libro di 
ScHWANK non vuole essere un trattato 
ma semplicemente un’introduzione ad 
uso dei fisici e degli ingegneri, ai metodi 
della fisica-matematica: si tratta di un 
Lehrbuch e non di un Handbuch come 
osserva HAMEL nella prefazione al vo- 
lume. Il principiante, e più ancora chi & 
obbligato ad approfondire le proprie 
conoscenze degli algoritmi matematici 
più elevati per risolvere i problemi pre- 
sentati dalla fisica e dalla tecnica, prova 
sovente una notevole difficolta nell’ab- 
bordare i trattati piü completi di cui & 
rieca la letteratura fisico-matematica. Chi 
tale difficoltà ha provato accoglierà pro- 
babilmente con favore questo libro di 
ScHWANK, dove, se pure non potra tro- 
vare una trattazione completa di tutti 
gli argomenti contenuti, potra vedere 

. quasi sempre un’impostazione sufficien- 
temente chiara delle varie questioni e 
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soprattutto potra rendersi conto della 
connessione che esiste fra la matematica 
e il problema fisico. 

Particolarmente utili sono i numerosi 
esercizi che illustrano i vari metodi esposti 
e che servono ottimamente a rendere 
proficuo il libro al lettore interessato 
all’aspetto applicativo e non puramente 
matematico e logico delle questioni. An- 
che gli esempi di applicazione degli stru- 
menti matematici illustrati alla risoluzio- 
ne dei problemi della fisica e specialmente 
della tecnica (in particolare nei capitoli 
dedieati alle equazioni integrali, al cal- 
colo delle variazioni e alle equazioni alle 
differenze finite) risulta molto/utile anche 
perché essi sono completati da numerosi 
riferimenti bibliografici — magari un po’ 
troppo parziali verso la letteratura te- 
desea e alquanto incompleti per quanto 
riguarda quella anglosassone più re- 
cente — a trattati e a memorie originali. 

Naturalmente non mancano le que- 
stioni sulle quali si potrebbe dissentire 
con l’autore. E dubbio per esempio che 
la succinta esposizione del metodo di 
integrazione nel campo complesso, anche 
completata con Vesempio dato, possa 
riuscire effettivamente utile a ‘chi desi- 
dera di impadronirsi di questo efficacis- 
simo strumento matematico. A proposito 
della trattazione delle equazioni alle de- 
rivate parziali si puö osservare che la 
mancanza di distinzione fra 1 vari tipi 
in base alle caratteristiche, ingenera una 
certa confusione e la mancanza della 
visione generale del problema. 

Nonostante questi appunti ed altri 
che si potrebbero fare, illibro di SCHWANK 
pud in complesso considerarsi come un 
utile contributo alla divulgazione dei me- 
todi più elevati della fisica-matematica 
per i fisiei e gli ingegneri. 
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